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FORE WORD

This final techncl report in two yolumes covers the work performed under Con-
tract AF 33(615)-3190 from 1 December -1964 through 8 July 1967. Voltume I covert the
results of the experinient~zl workkir, hydrostatic extrusion and Volume 11 contains the
work relative to desigr ncbednst: qction of hi gh-pres sure hydrostatic extrusion con-
tainers. The manusclpf-was released by the authors oni 29 September 1967 for publica-
tion is an AFML-techriical repozt

Thscontract with Battelle Memorial Institute of Columbus, Ohio, was initiated
under Manufacturing Methods Project No. 8-198, "Development of the Manufaciuring
Capabilities of the Hydrosatatic -Extrusion Process"'. It was administered tinder the
technical direction of Mr. Charles S. Cook, until, September-1965 and then.by
Mr. Gerald A. Gegel of the Metallbirgical Processing Bi:4 \Ll'4ATB), Manufacturing
Technology Division, Air Force Materials Laboratory, " atterson Air Force
Base, /,hio.

'The program was conducted at Battelle with the prime respornsibility assigned to
the ~etalworking Research Division and withMr. R. 3. Fiorentino, Associate Chief,
as Project Engineer. Others contributing to- the program were Mr. B. D. Richardson,
Research. Metallurgical Engineer,. Mr. 'G. E. Meyer, Research Mletallurgical Engineer,
Mr. F. W., Fawn, Technician, Mi. A. M. Sabroff, Division Chief, and Mr. F. W.
Boulger, Senior 'technical Advisor. The late Mr. W. R. Hansen, Research Metallur-
gist, made a significant contribution to the program up to the time of his death in
August, 1966. Mr. R. L. Jentgen, Associate Chief in the Structural Physics Division,
assistod in the fluid and lubrication studies of the program. Dr. 3. C. Gerdeen,
Senior Research Uechani~kl Enginieer in the Advanced Solid Mechanics Division, con-
ducted this atressanalysis for, the'high-presure -container -de sign study. Mr. E., C.
Rodibaugh, Mr. M. Vagins, Senior Mechanical Engineers, and Mr. T. 3. Atterbury,
Chief of the Applies Solid -Mechanics Division., also assisted in this study.' Mr. it. E.
Mesloh, Research- Mechanical Engineer of the Applied. Solid Mechanics Division, de.-
oignedan instrument for m'easur-ing fluid pressure at elevated temperatures, Data from
which this report has been prepared are contained in Battelle Laboratory Record Books
Not. 217.99, 21999, 23065, 23287, 23585, 23791, 23836, and 24446.

This, proj'c~t has been accomplished as a part of the Air Force Mafaturing
Methods -program, the -primary object of which is to develop, on a timely basis, manu-
facturing prociasses, techniques, and equipment for-use in economical production of
USAF -materials and-components, The lirogram encompasses the following technical

*Metallurgy - Rolling, Frorging, 'Extruding, Casting, Fiber, Powder.
Chemical - Propellant, Coutf, Ceramic, Graphite, Nonmetrilics.
Fabrication .Forming, MaerikAl -moval,., Joining, Components.
Zlectroi4cs- - od State I Laterials and Special Techniques, Temois

Suggestions concerntij adItioal Manufacturing Methods development required on
this or other subjects will be appt~clated.

IL A. -IMx Ch
Metallurgical 12*6cessing Branch
Manufacturing Technolog*, DIiison'
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ABSTRACT

The purpose of the program was to develop the manufacturing capabilities of the
hydrostatic-extrusion process. Specific applications studied were labrication of wire,
tubing, and shapes from relatively difficult-to-work materials suchl as refractory-metal
alloys, high-strength steels, aluminum alloys, titanium alloys, beryllium, and other
selected materials. Phase I was concerned with process optimization and Phase II
with direct process application. 0

As~part of Phase I, the effects of critical process variables on pressure require-
ments and product quality were studied for wrought and powder materials ranging from
relatively high-strength easy to work materials such as aluminum alloys and steels to
the relatively more difficult-to-work materials such as Ti-6A1-4V titanium alloy and
superalloys. With these materials, fluids and. lubricants tended to be the factor
controlling pressure requirements and product quality. With almost every material
extruded the limit in extrusion ratio Was set by the design pressure capacity of the
containei except for the aluminum alloys where the limit was set more by the efficiency
of the lubrication system.

In the Hiydrostatic extrusion of brittle materials, die design proved to be the most
significant factor controlling the production of sound, good quality extrusions, New
die-design concepts have opened up new fields for the application of hydrostatic extru-
sion 'to brittle materials.

Except for the aluminum alloys', the hydrostatic extrudability of the above range
of materials Was also investigated at 400 and 500 F. Again, fluids and lubricants were
developed to enable the production of good quality extrusions. Of particular interest
here was the wide range of lu),icants that operated successfully at this temperature
level.

As part of Phase II of the program, tubing, mill shapes and wire were produced
from a variety of materials. For tubing, the floating-mandrel arrangement enabled
highor extrusion- ratio capabilities than those for solid rounds. An analysis of the
beneficial effects of the floating-mandrel arrangement is given.

T-sections were extruded from round billets and were re-extruded into smaller
T-sections. Materials evaluated here were 7075-0 aluminum, AISI 4340 steel,
Ti-6A-4V alloy and Cb752 columbium alloy. The problem of sealing against leaks
between the T-billet and die in the re-extruoion of shapes was overcome to some
extent following the evaluation of several methods of sealing.

In tue reduction of T-sections and wire, a technique of hydrostatic-extrusion
drawing developed at Battelle was used. This method, calle4 the HYDRAW technique, 4
*a used to reduce - I.re of Ti-6A1-4V alloy, beryllium, and 7"ZM molybdenum alloy
wire, at single pass reductions of up to 60 percent. That redi',ption appeared to bo by
no means the limit of single-pass reduction achievable with these materials.

+ 3
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During the experimental program, a study of high-pressure container ddsigns
was made. Several design concepts that-were analyzed are presented in detail in this
report,- The most promising cencept for containing fluid pressures up to 450, 000 psi

,,,-in large-bore containers was that of using pressurized-fluid support as in the ring-
fluid-ring design. This and other designs were analyzed on the basis of fatigue-
strength criterion which is believed to be a new and more sound basis for the design
of high-pressure containers.

This document io subject to special export
controls and each transmittal to foreign
governments or foreign nationals may be 2:
made only Vith prior approval of the
Manufacturing Technology Division
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LIST OF SYMBOLS SECTION 3

An, Bn coefficients of materials in fatigue relations

N =the total number of components in a container; N agso denotes the outermost
component

n a specific component when numbered from inside out; i. e., n =1, 2,., N

rn otsid raiusof ompoentn, iche

r- ouside radius of component n inches

ino =bore radius of container, inches (inside radius of liner.)

rN =outer radius of container, inches

kn Pr wall ratio of comnponent-n, k' - rn/rn..l

K over-all wall ratio of- container,. 'K = rN/tro k...'kN
(2

K a~ wall ratio -of inneck part ot'ring fluiid- segment container, K* r3 /ro

En = modulus of elasticity, of component n, psi

-U ore#sui6 acting, on component n at'rn when p, Op 0 psi

pnl_ 1 1 pressure acting or, component n1 at ?,,.l when p-0 0, psi

p = bore pressure, psi, Po = p (ititernal pres'sure acting on the liner)

a residual interface pressure acting on component n at inn when p, a 0, psi

qr residual intox~face pressure required at room temperature for a container
dpsigned for use at e2eivated temperature

qnl residual interface pressure acting .on component n at inn_, when p a 0, psi

S shear stress, psi

a somirange In shear .trt;vu for a cyclo, of bore, pressure, psi

Sm rxmeani shear striwas for a eycle of bore pressure, psi

8 min a rIiumshear stress during a cycle of bore presmure , psi

Smax a maximum shear s"reamdu pg acclp of'bore pressure) psi

* r n design tensile ottess, of ductile, stool, psi (ar 6 ultimate tensile strength)

1 wdesign tensile stress-of hi &-2trepg6 stool, psi (a-, 9 uitimavttr4 tensile

(~~~sei" a U~nW .in tensile stress t4f a cycle of bore pressute, psi

10. 1 1 INN
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LIST OF SYMBOLS SECTION 3
(Continued)

(Ir)m =mean tensile stress for a cycle of bo're preasure, psi

Tv = yield tensile stress, psi

0't% = ultimate tensile stress, psi

(a-)min = minimum tensile stress during a cycle of bore pressure, psi

(c-)max = maximum tensile stress during a cycle of bore pressure, psi

Tr = radial stress, psi

o = circumferential stress, psi

oaxial (Iongitudial) stress, psi

ar = semirange stress parameter for high-strength steel, ar  ()rflri

am mean 4tress parameter for a high-strength steel, am = .)m/crj

M = bending moment on ring segment

Mz bending moment on pin segment

iui = radial displacement, inches

v = circumferential displacement, inches

v = Poison's, ratio -

r, 0, z to cylindrical coordinates for radial, circumferential, and axial directions,
respecti7 &y

An u interference required (as manufactured) between, cylinder, n, and-cylinder,
'n +1, inches J

An m interference required- (as manufactured) between the-1-'er, segments, and
cylinder, 3, ,,--+ the ring-segment and ring-fluid-segmeft containers, inches

aI, aZ coefficient of thermal expansion of material comprising rings I and 2

0 Xii
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XXI

INTRODUCTION

The purpose of ths program was to develop the manufacturing capabilities of the
hydrostatic-extrusion process. The program was divided into two phases with the follow-
ing general objectives:

Phase I. Process-Development Studies

Part 1. (a) To study the effect of critical process variables on pres-
sure requirements and surface quality in hydrostatic extru-
sion of AISI 4340 steel, Ti-6AI-4V titanium alloy, and 7075
aluminum alloy.

(b) To correlate all available hydrostatic-extrusion-pressure
data with material properties wherever possible in order to

-, ..ui siri.eidn of the experimental effort and maximize the
- - information developed on the present program.

Part 2. To explore the hydrostatic extrudability of TZM molybdenum
- alloy, beryllium, A286 iron-base superalloy, Alloy 718 nickel-

- base superalloy, powder compacts, and other selected
materials.

- Part 3. To conduct a design studylir high-temperature, high-pressure
hydrostatic-extroon~toling based on (1) estimated pressure
requirementatfot high-x.io extrusion of materials df interest ?
to the Air Poice), (Z) l%est ;high-pressure-vessel technology,
.a (3) latest'tobling materials available.

Part 4. To conduct a process economic study on the construction, instal-
lation, and operation of equipment with he same operational
and size requirements as the tooling de', .oped in the previous
program on Contract No. AF 33(600)-433Z8. 4

Phase II.. Process-Application Studies

Part 1. To evaluate the application of the hydrostatic-extrusion process
for sizing and finishing conventionally hot-extruded (or rolled)
structural shapes by various combinations of drawing and ex-

truding. Primary emphasis was to be on AISI 4340 steel, .1
although sme'effort was to be devoted to Ti-6AI-4V, 7075-J,0
aluminm, and selectcd refractory metals.

Part Z. To deteatntne the feasibility of producing vice and fila-ionts
from berylijiin, TZM molybdenum alloy, and Ti-6A,4V
titanium allqy by combinations of hydrostatic extrusM",,and
drawing.
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Part 3. To develop tooling anddefine process parameters necessary for
the reduction of tube blanks to finish tubing from AISI 4340 steel,
7075-0 aluminum, and Ti-6A1-4V titanium.

The results of the experimental and analytical work connected with Phases I and II were
covered in Interim Engineering Progress Reports I through IX.

This, the Final Technical Report in two volumes, contains the results of the pro-
gram in their entirety. Volume I contains Section 1, "A Study of thz Critical Process
Variables in the Hydrostatic Extrusion of Several Materials" and Section 2, "Production
Aspects of Hydrostatic Extrusion". Volume II contains Section 3, "Analysis of Several
High-Pressure Container-Design Concepts" and Section 4, "Hydrostatic-Extrusion Con-
tainers Designed and Constructed in t ke Program". The experimental program started
December 1, 1964 , and was, dbmpleted on July 8, 1967."
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SUMMARY OF VOLUME i

The experimental work conducted in this program has taken the technology of the
hydrostatic-extrusion process from the experimental stage to the threshold of its applica-
tion in a production operation. Commercial exploitation offthe process is possible with-
out any further major experimentation and it is believed that this report gives the guide-
lines that will enable these steps to be taken immediately. What remains now is the
complete design of production hydrostatic-extrusion equipment that will be competitive
with conventiona-extrusion equipment. At the time of this writing, a program is
underway at Battelle-Columbus Laboratories in which such equipment is being designed.
The program, "Design Study of Production Press for Ultrahigh-pressure Hydrostatic-
Extrusion Equipment", is sponsored by the Metallurgical Processing Branch, Manu-
,ficturing Technology Division at Wright-Patterson Air Force Base, Ohio, on Contract
-No. AF 33(6".)-67-C-1434.

One of the most importantaspects of the aforementioned design study is the design
of the high-pressure container. Section 3 of this report contains a thorough analysts of
several concepts of high-pressure containers. This analysis will be drawn on he~vily in
the design study. Section 4 describes the development of three containers designed and
constructed in this program.

Both Sections 3 and-4 are complete in themselves and each contains its own
summary.
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/ SECTION 3'

ANALYSIS OF SEVERAL HIGH-PRESSURE
CONTAINER DESIGN CONCEPTS

SUMMARY FOR SECTION- 3

Five types of pressure-vessel designs were analyzed in detail: a multiring con-
tainer, a ring-segment container, a ring-fluid-sengment container, a pin-segment con-
tainer and a ring-fluid-ring container. (These are illustrated in Figures 39, and 40 of
the text..) The multiring container ia made up of cylindrical ring coinponents. The
ring-segment container is like the nultiring container except that the second ringt

adjacent to the liner, is, a segmented ring. The ring-fluid-segment container is a
,combination, of a ring-segment container on the inside with a multiring container on the
outsidej, and with a fluidsupport pressare in between. In the ring-fluid-ring container,

IN the inner ring is of single or multiring construction. The pin-segment container has
a cylindrical inner liner supported by a pinned segment-plate arrangement. A wire-
wrapped,(strip-wound) vessel and a controlled fluid-fill vessel were-also considered
but in less detail.

Thki four types of pressure vessel designs shown in Figure 39 were analyzed and
reported in Interim Reports I t IV and V. (20, 21, 22) These analyses are described in
detail in this section. Though the concept of the ring-fluid-ring design was reported in
Interim Report IV, its complete analysis is reported for the first time in. this section.

*; The operating cycle of, high-pressure containers 16i rostatic extrusion and
forming consists of application of the-pressure needed, followed by a decrease in the
pressure to zero. Such highly cyclic conditi is toupled with extreme operating pres-
suros can be expected to cause ,fatigue failures of the cuntainek. - A fatigue strength
criterion was selected as the basis of the study because a hiGh-pressure container for
commercial application should, of course, be -capable .cf repeated use without frequent -

failure.

To achieve the desired high pressure it was found necessary to Use high-strength
liner materials. For the high-strength steels (ultimate tensile strengths of 250, 000 psi
and greater) a maximum-tensile-stress criterion of fatigue was assumed and available
uniaxial fatigue data from the literaturewere used in design evaluations. However, the
fatigue behavior was left arbitrary in the analysis by formulating the analysis in terms
of, r and am, semirange- and mean tensile stress parameters. The outer rings of the
containers were assumed to be of more ductile materials in order to avoid catastrophic
failues. A maximum shear criterion of fatigue was used, for the ductile outer rings and
the Goodman. relation was ued to relate the kemirange and mean shear stresses. A.

For the analysis, equatiaus were derived that relate the interface and the radial
deforniatloas between, comxponents. Elasticity solutions for stress and deformations
were used together wth fxtigu* relations to determine formula* for mamimum bore

- pressur"e. Stresesduq to, the bore pressure and shrink-fit assembly were analyzed,
The effect of tsemperfate change (fhqm operating temperature to room temperature)
upon the prestr sies (reiiduka atresses) was included. The analyses for maxirnum
preaure capabiflty, residual stresset, and required shrink'fit interferenc4s-weru pro-
granmle d for calculationCon Battelle's CDC 3400 and CDG 6400 computars.
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Theoretically, large pressures (up to 1, 000 r00 psi in the ring-fluid-segment
design) were found to be possible in the containers. However, designs based on the
theoretical pressures were~not always considezO practicable because of manufacturing
and assembly limitatiors. For example, a ring-:riid-segment container designed to a
-theoretical maximum pressure capabilityF of 450t,000 psi requires outside diameter's of

88.0 inches and 218.0 inches psir 6-and 15-nc,-diaeter bore designs, respectively.
Such large-diameter cylinders would present problems in producibility, heat-treating,
and transportation. This container design also requires a shrink-fit interference of
0.0128 in. /in., which is difficult, if not impossible, to achieve In assembly. This large
interference requtrement is necessary to overcomze excessive deformation of segments.
Also, relatively larger outside diameters are required for segmented containers be-
cause segments offer no hoop support to the liner These are distinct disadvantages
of containers using segments.

Because.of the practicable design li !tations, the designs were evaluated for out-
side diameters limited to 72 inches and int Iferences limited to 0. 007 in, /in. maximum.

"High-strength liner materials of 300, 900 pt ultimrate tensile strength were assumed for
which some fatigue data were available. A fatigue life of 10'4-105 cycles was selected
for ideal conditions, i. e., no stress concentrations oL material flaws in the liner. On
this basis, the predictions of maximum pressure capability for 6-inch-diameter bore
designs, for example, are as follows:.

O Outside Diameter, Ma)imum = -essure pi
C6ntainer inches psi I

Multiring 51,0 300,000

Ring-6egment 60.0 290 000
* ing-fluid-segment 12.0 286,000
,Pin-segment 72. 0 1951,000;

These pres M' ,?abilities apply at room. or elevated temperatureJ 4)ndpl the ulti-
mate e Jtthe liner, is 300, 000 psi at-temperature. Higher rxi-ns
ao- 41etita1Lypossible with higher ttrength materials. For ex*4ipI(n, a

a u.ie of 450,009 psi would be ptedicted for a multiring contain u' #j1 aW 460, 000 psi
ultin ate'strength -liner material, if such a material could be fou Cad the same
proportionate,-increase in, its fatigue strength.

Residl stress limitations were also found for containers designed for high-

temperatre use, If the coefficient of thermal expansion of the iner is smaller than
that of the outer components, then a decrease in temperature from operating tempera-
ture to room temperature may cause excessive residual stresses in'the liner. There-
fore, a higher coefficient of thermal expansion :would be recorhmerl4ed for the liner.

There ave other possible material limitations. The design evaluations conducted
herein were based necessarily on the uniaxial fatigue data available for the liner ma-
terial., although a blaxial or triaxial 'state of- stress exists in a pressure container.
Also, a compriiuivk mean stress zon the liner was assumed beneficial. HoWever, fatigue
beha~itov of Uth-strength steel* under .-'mbiried' stresses and Compresuive mean stress
is unknown. 'Xu adiAtion to fabrication and transportation difficulties, heat treatment of
large cylindri4il foegs may-also present problems, In this respect 'a pin-segment-
plate 'a strip-wound layer offers advantages as a replacement of cylindri-

cal rings for kjutet ,'upprt member ,
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A materiWh %study is proposed to determine data on the important properties of

high- strength materiali 'for high-pre ssure -container applications,'

Based on the design study of the -four containers listed above, the ring-fluid-ring
design Win suggested. This diesign makes use of the benefits of fluid-support pressure
and-prestress fromn shrink fit. Itavoids the difficulties associated with-the segmented
containers.- It is shown in this analysis that a ring-fluid-ring container having a bore
of 6-inch diarneter could withstand a pressure level of 450, O0'psi with an outer unit
diameter Qf 60 inches. The fatigue life of this container would be 104-105 cycles.

Additi-onal details of analysis are included in the appendices of this report. Bend-
ing deformnations and stresses within segments, and derivatiozis of shrink-fit inter-
ferences are some of ithe items includebd. Computer progra~ms. used for calculations
are also briefly described.
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SCOPE OF ANALYSIS

The purpose of this study was to determine the maximum pressure capability of
several designs of vessels for containing fluids at the pressures encountered.in hydro-
static extrusion and other hydrostatic-forming processes. Continment of bore-fluid
pressures up to 450, 000 psi at room temperature and at temperatures of 500 F and
1000 F'is considered,

The operating cycle of these high-pressure containers consists of application of
the pressure needed for extrusion ol'forming, followed by a decrease in the pressure
to zero. To ,be useful in production, the high-pressure containers must withstand a
large number of such operating cycles, Therefore, fatigue strength of component ma-
terials must be aii imnpovtant design consideration. However, consideration of fatigue
strength appears -to be lacking In design analyses heretofore. The general method of
d6'sign analysis has been to use a safety factor on the yield pressure. As the deoign
pressres'have been steadily increased, material limitations have necessitated lower
factoro o-afety, sometimes less than 1:1. Consequently, fatigue failui 2s are b, ing

eriencec\ Because of the e.:treme operating pressures being considered for hydro-
stiatc ext.tuski" and other forming operations (up to about 450,'000 psi)) it was essential
that the variousontainer-desigrx concepts be analyzed and compared' on t1e bacis of a
fatigue criterion. \ '1

In- /er'-to estim the pressuee capabilityof each container, stress analyses
are conducted. Only stresb%.s due to the bore pressure and shrink-fit assembly are
analyzed; no thermal gradients>;ie assumed present. However, the effect of tempera-
ture change (from. operating tempature to room temperature) upon the prestress
(residual stresses) i ' iicluded in the . nalyses. Excessive residual stresses may result
because of differences in thermal expani"on of the component parts of each container.

Four types of pressure vessel designs ,wb.e analyzed in detail. These are:

"a) Multiring container -

a() Ring-segment container C,

(3) Ring-fluid-segment container
(4) Ain-segment container-

The four concepts for cylindrical containers are shown in Figure 3.9. A wire-wrapped,,
(stri?-weund) vessel anda cOntrolled fluid-fill, cylindrical-layered container also were
coiwadared, jut only briefly.

As a result 4' theae ahalyses, a AU'Ither refinement of the ring-fluid-segment
containo* wat coneived in which the segments were replaced by a shrink-ring assembly 1r
as shown in Figuro, 4Q . An extended a-ialysis of this advanuc'ed c~ntainer design hai been
completed recent.y and is deacribed %or the fist time in this report. A xigorouz analy-
sis -of the advancred concept together with a mor4 general formulation of fatigue criteria
for multiring containers are reportedseparately at the end of this section.
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The multiring container was one of the first desirqn modifications of the mono-
block, thick-walled cylinder*. An initial compressive stress at the bore is achieved by
shrink-fit assembly of successive cylinders each manufactured to provide an interference
fit with its mating cylinder. The multirin container has been analyzed on the basis of
static shear strength by Manning( 2 3 ) 24, 25).

The ri J-segnient container with one outer ring was patented by Poulter in
1951. (26) One intent of this design is to reduce the pressure acting upon the outer ring
by using a segmented cylinder to redistribate the pressure at a larger diameter. How-
ever, the inner cylinder is always subject to the bore pressure. The external diameter
of the Yv vl necessarily increases with increasing segment size.

The ring-fluid-segment container makes use of the fluid-pressure support prin-
ciple. This container is essentially constructed of two parts. The inner part is a ring-
segment-type container with one'outor ring, but with a fluid support pressure, P3, as
shown in Figure 41. The outer tart is a multiring container subject to an internal
pressure, p3, the support pressure for the inner part. The advantage of this design is
that the fluid pressure (P3.) provides a compressive hoop stress at the bore which counter-
acts the tensile hoop stress resulting from the bore pressure, p. Theoretically, P3 can
be ch'anged irt proportion to the change in bore pressure in order to reduce the bore
stress over an entire cycle of bore pressure. This variation cf P3 with the bore pres-
sure is assumed in the analysis. N

The origin of the ring-fluid-segment concept is not clear. Ballhausen patented
an approach of this sort in 1963, (-7) Another application of the same principle was
patented by G. Gerard and 3. Brayman, also in 1963. (28) A similar design, but with
additional features, was reported by F. J. Fuchs in 1965. (29)

Thepin-segment design is an approach proposed by Zeitlin, Brayman, and
Bogglo (30) Like the ring-segment container this vessel also uses segments to reduce
the pressure that must be carried by the external support. Unlike the ring-segment
container, the pin-segment container has segmented disks (thin plates) rather than seg-
mented cylinders. Also, the external supporting members in this case are pins rather
than an external ring. The pins carry the reaction to the bore pressure predominantly
in shear.

TY, e ring-fluid-ring container shown in Figure 40, like the ring-fluid-segment
design, makes use of the fluid pressure support principle. The use of an Liner multi-

bring utit, howver, avoids th* numerous difficulties encountered in segmental design.
Since suggestion of the design, description of similar designs have been noted in the
literature. (31, 32, 33) Thus, the design is not new, but the analytical-design basis
described toward the end of this section is. It is believed that this program is the first
to incorporate the fatigue-strength design of high-pressure containers on a rigorous
basis.

All five containers have one thing in common: the liner is subject to the full bore
pressure. The five containers differ in the manner and in the amount theyr.constrain
the liner.

iTheirrtodnb c, thick-ZA' cylinder i he simplest type of pressure container. However, for the very high pressure levels
comidered in this study 9 isa rtlatlwy Inefflclent deflgn.
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21 xxv

BASIS AND METHOD OF ANALYSIS

In.this study the four design concepts for high-pressure containers are evaluated
on the basis of a selected strength criterion for the component materials. Different
strength criteria could be chosen, each of which could lead to different predictions of
maximum pressure capability. If rupture under static load is the strength criterion
then a burst pressure can be predicted. This pressure would be higher than the yield
pressure predicted on the basis of static yield strength. However, a vessel subject to
a great number of pressure cycles at less than the yield pressure could fail by fatigue.
A high-pressure container for commercial hydrostatic extrusion should, of course, be
capable of repeated use without frequent failure. Therefore, it was considered essential
that a fatigue strength criterion be used as the basis of evaluation in this study.

It also has to be ascertained what kind of stress and strain analysis, is needed -

elastic, plastic, or elastic-plastic. This is determined from the fatigue life desired.
Manson and Hirschberg have shown that for most materials, failure by low-cycle fatigue
(life less than about 1000 cycles) involves almost entirely plastic strain. (34) Above
about 1000 cycles life the amount of plastic strain is appreciably smaller, and above
100, 000 cycles. life the plastic strain is negligible, For the relatively high-strength
materials, however, the strain at fracture is predominantly elastic for lifetimes as low K-
as 100-cycles'. Because lifetimes greater than 1000 cycles are desirable in commercial
applications, and since high pressures require use of high-strength materials, elasticity
theory rather than plastic or elastic-plastic analysis is used. Use of elastic theory
rather than elastic-plastic theory also aids the study because elasticity solutions are
easier to form-ilate and can be supezimposed.

For the analysis,, equations are, dexived that relate the interface pressures and
the radial deformations between components. Elasticity solutions for stresses and
deformations are u*sed together with fatigue relations to determine formulas for maxi-
mum bore pressures.

~L
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XXVI

METHOD Or PARAMETER NOTATION

The components of each design are identified from the inside out by the numbers
It 2, 3, ... , N. N refero to the outermost component. Figure 41 shows the use of
radii rn .1 and rn to denote the inner and outer radii of component number n.

For the multiring container all the components are circular hollow cylinders. For
the ring-segment and ring-fluid-segment cF %tainers, Component 2 refers to the segments.
The only exception to the notation on the radi, occurs in the pin-segment design where
the segment is divided for analysis into tw g rts and where r2 is the radiusto the inside
of the pins as shown in Figure 41.

The operating pressures and the residual pressures are identified,by qn and Pn*
respectively, Because-the outer radius of each contairer refers to a free surface, the
pressure there is zero,

PN = 0  , qN= O' (4a, b)

The definition of the qn gives

q0 o (5)

The will ratio for component n is denoted by kn. The overall diameter ratio of the
container is denoted as K, where

rn
kn-rn- I

and
K rN

00Se t~ of sy bo Bs for dcfiniton. ,
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XXVII

FATIGUE CRITERIA

Two fatigue criteria are formulated here in order that both relatively low-strength
Al ductile materials and high-strength, more brittle materials may be used in one design.

The intention isTo use high-strength steels as liner materials and lower strength ductile
steels for the outer cylinders in order to prevent catastrophic brittle failure.

Fatigue Criterion for Ductile Outer Cylinders

From both torsion and triaxial fAtigue tests on low-strength steels (120 to 150 ksi
ultimate strength) conducted by Morrison, Crossland, and Parry(3 5 ) it is concluded that
a shear criterion applies. Therefore, a shear theory of failure is assumed for outer
rings made of ductile steel.

To formulate a fatigue relation, the semirange in shear stress and the mean shear
stress are needed. These stresses are defined as

Smax - Smin
: ~Sr = ,

SmaxSmin (6a, b)

respectively.

A linear fatigue relation in terms of shear stresses is assumed'. This relaticn is

S5 r sm
-+-= , forSmO' P
So Su

where Se is the endurance limit in shear and Su is the ultimate shear stress. For
Su 1/2 ru,. where 0-u is the ultimate tensile stress, 'this relation can be rewritten as: /

Sr ZSm
°' --- = ,I) sm > (7)

The etresses Sr and Sm given by Equations (6a, b) can be calculated from elasticity

solutions. In order to employ the fatigue relation (7) for general use,, kt is assumed that
Se can be ralated to Su . This is, ivalid assumption as shown'by Morrison, et al( 3 5 ).
Referring to Reference (35), the ratio Se/Su can be established. Table XLI lists some
fatigue data and result% of calculation of Se from Equation (7).

From Table XLI is is evident that fluid pressure contacting the material surface
has a detrimental effect on fatigue strength; the endurance limit S. for unprotected tri-
axdAl fatigue specimens is lower than that for torsional specimens. However, protection
of the bore of triaxial specimrens increases Se under triaxial fatigue to a value equal
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that for torsional fatigue. Since in the high-pressure containers, outer cylinders are
subject to interface contact pressures and not to fluid pressures, it is assumed that the
data for a protected bore in Table XLI are applicable in the present analysis. Therefore,
the following relation between Se and au is assumed:

Se =Uu (8)

Substitution of Relation (8) into (7) gives

3 Sr + 2Sm = 0, where a- _9 ou  (9)

Equation (9) now has a factor of safety, au/aT, and can be expected to predict lifetimes of
106 cycles and greater for ductile steels based upon the linear fatigue relation and avail-
'able fatigue data. (Of course, stress concentration factors due to geometrical discon-

tinuities or material flaws would reduce the expected lifetime.)

TABLE XLI. TORSIONAL AND TRIAXIAL FATIGUE DATA
ON VIBRAC STEEL(a)

Stresses, psi
Test 6 - r -. m Se SSe/u

Torsion 126, 43. 700 0 43,700 0 347
l49,0Q00 .... 5i,90d 0 52,900 0.354

Triaxial (unpro- 126, 0'X 20 900 20,900 3 1, 3 0 0 (c) 0.248
tected bore) 149, 00 26, 300 26,300 40,600 0.273

Triaxial(b) (pro- 126,000,, 26, 500 26, 500 45, 900 0. 363
tected bore) (r '

(a) From Reference (35). €omfositlon of this steel in weight percenteis 0.29 to 0.3 C, 0.14 to 0.17 Si,
0.64 to-0. 69 Mn, 0.015 4, 0.013 P, 2.53 to 2.58 Ni, 0.57 to 0.60 Cr, 0.57 to 0. 60 Mo.

(b) The bore of the cylindrical specimens was protected-with a neoprene covering.
(c) S. for the ulaxi~l tests is calculated from Equation (7).

Fatigue Criterion for High-Strength Liner

Triaxial fatigue data on high-strength steels (cru _ 250 ksi) are not available.
Fatigue data in general are very limited. Therefore, a fatigue criterion for high-
strength steelas'inder triaxial fatigue cannot be as well established as it was for the
lower strength'teels. "The high-strength steels are expected to fail in a brittle manner.Accordingly, a maximum tensife stress criterion of fatigue failure is postulated.

Because fatigue data are limited while tensile data are available the tensile
stresses (o-)r and (a)m are related to the ultimate tensile strength by introduction of two
parameters ctr a~df am. These are defined as follows.
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' r =  am  -(10a , b )

where ( t)r 'a the semirange in stress, ( )m is the mean stress*, and o"1 is less than or
equal to the ultimate tensile strength depending upon the factor o(f =ety desired. In
order to get some estimations of what values ar and am may be, sbme data from the

i litbrature &' re tabulated in Tables XLII, XLIII, and XLIV. These data are for rotating-
beam and push-pull tests.

The fatigue life again is found to depend on the range in stress and the mean streas,

and upon the temperature. This dependence is illustrated in Figure 42 for 104 to 105
cycles life in terms of the parameters ar and am. (Points (ar, am) above the curves in
Figure 42 would correspond to <104-105 cycles life and points below the curves would
correspond to >104-105 cycles life. ) The 1000 F temperature data are for Vascojet 1000.
Although ar increases with tcmperatur 4 or this steel, the ultimate tensile strength

decreases and the fatigue strength at l bO to 105 cycles for am t 0 remains nearly con-
stant over the temperature range of 75 F to 1000 F. V

-p

so

Average Experimental Data

0 l - :at

X - Assumed data

1 I ,r _ = J .I I I ,

0.5 0 0.5
aIm-" A 52369

FIGURE 42., FATIGUE DIAGRAM FOR 104.105 CYCLES LIFE FOR HIGH-
STRENGTH STEELS AT TEMPERATURES OF 75 F TO 1000 F

ar and aul, are defined by Equations (I0a, b)

#,al and @T), are defined by exprtaslans similar to Equariorts (C;, b) for Si and Sm .
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TABLE XLII, FATIGUE STRENGTHS OF HIGH-STRENGTH STEELS FROM
ROOM- TEMPERATURE ROTATING- BEAM TESTS, am = 0

Ultimftate Yield
Tensile Tensile a., Stress Range Para '.,ter(a),

Strength, Strength, for Cycles
Material Reference ksi ksi 104 105  106 107

18% Ni raraging, (361 300 280 0.49 0.43 0.41
steel (37) 300 285 0.33 0.31 0. 30 (b)

(38) 295 285 0.68 0.44 0.38 0.36
270 265 0.74 0.43 0.37 0.37

H-I (CEVm) (38) 250-280 210-230 0.75 0._57 0.54 0.54

D6AC (39)(c) 270 237 0. 66 0.41 0.37 0.37

Vascojet 1000 (39)(c) 309 251 0.45' 0, 29 0.29

(a) ar x (O)r/Cu, anrma (a)m/Uu, where (), (o)m, ou are the semriange, mean, and ultimate tensile stresses, respectively.
(b) These, are.3tatedto'be 90 percenr preW i1,llty data.
(c) Tests in Referent j,39) were posh-puil",ts with, hm x 0.

TABLE XLIli, FATIGUE STRENGTHS OF HIGH-STRENGTH STEELS FROM
ROOM-TEMPERATURE PUSH-PULL TESTS, a m = ar

Ultimate Yield
Tensile Tensile ar, Stress Range Parameter(a),

Strength, Strength, - for Cycles

Material Reference ksi ksi 104 105 106 167

18% Ni maraging, (38) 295 285 0.40 0.25 0.22 0.22
ste'el Z70 265 0.43 0.28 0. Z5 0; 24

H- II (CEVM) (38) 280-300 0.38 0.31 0.29 0.29

D6AC (39) 270 237 0.44 0.33 0.2 8 0. 28

ascojet k0O0 (39) 309 251 0. 33 0.27 0.

(a) a 'r a '. . (06#u, w.ere-), (C()m, o are the sermtrange, mean, and ultimate tensile stresses, respectively.

1,66
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The fatigue data available are only for ao~.. And zero mean stres ses. However,
there is evidence that compressive mean stress may'.,Agstificantly increase the fatigue
strength(3 5 i 40). The reasons for this are thought to be that compvession may reduce
the detrimental effect of fluid pressure entering ;rinute cracks or voids in the material
and the comprei sion mity re strain such flaws f rom growing. Since the liner of a high-
pressure container can be precom~prossed by shrink-fiit assembly, an important factor in
triaxial fatigue may be the pkbstrosq that can bo, initially provided. Therefore, for 104
to 105 cycles trip=i l figue, life, aQr and cr~ are aswumed to be

0. r 0 5 $ 'M ~=0. 5 (1lla,b

as indicate a Figuv4 4 2. With am~ -ar the maximum tensile stress at the bore would
be zero.

In ordef tq approximate a life of one cycle, it is assumed that

'I = 1. 0, Ct '. for one cycle (12a, b)

which represents a cycle between :Efu the ultimate strength.
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XXVIII /

ELASTICITY SOLUTIONS

Cylindrical polar coordinator(r, 0, z)-are used in the analysis. Axial syr.m etryis assu~med; tlhe stresses are independent of the angle 0. End,effacts are not considered*; '

the stsresses found are independent of the.azial coordin~lt', z.

: ~ ~ ~ ~ ~ ~~~" iz.,: :- . -:.- - .°. .t olutions for a Cylhder

The vo- dimensional solutions for a cylinder loaded by uniform inner and outer
pres~sures-is given by Timnoshenko anid Goodier(4Q). The expressions for stresses, and

-. s -dispacement in cyi'nder n are

k

"rPn - Pn n (Pn-i I Pnl I
fo

. L - " pnkZ + 1pn._ 1 Pn), -Z (13a-c)kn2-1 r

~rO n-'. E 0 O.

(-n(14a, b)
v = 0 - ",

where (rr, w6.t and "rre are the radial etrek, hoop stre ss, and shear stress, Vespec-
tively, ad w*ere u and v-are the radial and circumferential displacements; respectively.
(The radii rn, the tres-dres pn, and the Wall ratios k,,, have been -defined pre-4ously.)
Equationf3a-c) also gives the rebidual stresses, if the operating pressures Pn are re-
place&1.ydtNe resi4ual pres-suros qn.'

For atigut analysis of a cylinder of-ductile matorial the range and mean shear
stresses are needed. The greatest range in the shear stress in a cylinder occurs at
the bore on a plane oriented e. 45 degreec to the r and 0 axes, The shear stress there
is given by rO-0 (,5)

-it iiy be-important to conidr- end afe ts dependng upoit the Method cf, end closure in the design. These effects and possible

Axial stress 'ijiuhlxg'lm large shrink flts rmay iot be ift~gibet .:
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Formulating the range:in stres:afrdm the Definition (6a), we get

= a .. .. = .. : r: I at rn .

S kn q -6

Sr 2(ka2I)E (Pn-I p n )
- - ,at r rn-, (16)

The mean shear stress at the same location-on the same plane is 0

Sul k '(Pn-l Pn) + (qn- 1-qn)], at r =rn-1 (17)
2(knZ- 1),

Elasticity Solutibns for Segmented Components

klasticity solutions for the segments were derived, The derivations are outlined

in Appendix I and only the results are given here. There are two types of segments.
The ring segment is loaded by p1 at rI and 'by'pa at rZ. The pin segment is loaded by
Pl lt r1 but by more complex loading at rZ.,

iny- &egment

The re~allts for the ring ,egment are:

•4M lP1

'We "o = 'C)c + f2(;)" \ (ISa-c)

-~ -pcoo e 1
8M p- (kz2 - 1),e 1 - l sin 0  (19a, b)

r E2,_1  r

r!
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where:

- 2v 1~

kn u k2, P,, = P' P" P, andl En u E2 . For a ring segment P andp 2 are related

for equilibrium as follows:

• p 1I= P k z (21 )

Formnulas for the constants + G, and M1 (functions ofk 2) are given in Appendix I.
. M1 represents a be'nding' momdent that causes a bending displacement v as shown in

E'quation (l9b).

' The ,solution for the pin segment is more complicated due to the pin !.oading at ra.

The resulting expreasions are:

rri (1ric + £lo (r) + gl(r) coo

"=(o-)c +- f2(r) + g L(r)co3 me (22a-c)

and where ( d+ u) a re gv cob e+ ( in (ra ) co me (23a, b)

-c Clef, "'
nk. ---Sz' =k n,~lpnpp ~ w? zPor a in se gm~ein , dpe ilae

/k (1) -'
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I

where (O"rc, (-e)c, and (U)c are again given by Equations (13a-c) and (14a, b)

for kn= k2, Pn- I p, P p2 , and En= E. For a pin segment p2 is related to p1
as follows:

(mZ-l)(l + 2 cos 7rTI Pl

Zcm 2 -2) + cos fl/r) k2

where. m, defined as
m = N (25)

an where N. is the number of segments per disc.

The functions f1 (r), f2(r), and f3 (r) are again given by Equations (20a-c) and
1' G M2  , gnt, .. , g 5(r) are given in Appendix-I.

The elasticity solutions now can be used to determine fo3rmulas ior maximum pres-
sure capability -from the fatigue relations. This is doneo in the next section.
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XXIX

NONDIMENSIONAL PARAMETER ANALYSIS

The maximum pressure a container will withstand is a function of the material
fatigue strength, the amount of prestress, the number of components N, and the wall
ratios kn. To determine the function depend'ence on these variables and to determine
the best designs, a nondimensional analysis is now presented. The calculations for theanalysis of each design were prograrmmed on Battelle's CDC 3400 computer,

Mvultirina Container

Static Shear Strength Analysis

Although a fatigue criterion of failure has been chosen it is illustrative to review
Manning 2 3 ) The method outlined here differs from that of Manning and is more straight-

forward, In this analysis the optimum design is found such that each component of the
same material has, the same value of maximum shear stress S undezr, the pressure load p.
The given infoimation i*s. Px p, PN a 0, and K. The unknowns are,'the interface pres-
sures pn, (N- 1) in number; the kn, N in number and S. The total ulnknowns are 2N.
There are N equations resulting from Equation (1-5) and having the- form

S3K(pn.. 'PnZj' n= 1 ,,. (26)n 2 l

There is the equation, K =-klk 2 ... kn, that relates the kn and K. Also N-I equations
can be formulated from the requirement that S be a minimum, i. e.

o, ... , N-1 (27)

C' (There are not N 6quatonit in the Form (Z7) because there is one equation relating
the kn. ) Thus, there are also 2N equations which can be solved for the 2N unknowns.

S hs. -solutioq gives9

(kn2 -1)
Pn IPn- I k"- S, n I 2, .. , N-I (28)kn2

k, = = 2 "kN (29)

° KZ/N (30)
N (k(ZIN.1)

1 I
1 73'
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The residual pressures qn and the required interferences for the shrink-fit as-
sembly have yet to be found. The radial stress rrn at the radius rn resulting from the
bore pressure p is given by Equation (13a) with K replacing kn, p replacing Pn-l, rN
replacing rn, rn replacing r, and Pn = PN = 0. Urn becomes:

-rnK 2  - kn+12 kn Z, kNZ) (31)

The pressure Pn is the sum of qn and ("rn). Therefore,.

qn --pn "('Trd (32) ,
I

The interference as manufactured, An at r., is given by

An, "un(rn)+ Un+l(rn),
r - ,r I~n (33)
n ;

where

un(rn) r adial deformation at rn of'cylinder N due to the resid/ual pressure
qn at rn and the residual pressure qn-1 at 1

•

and
r= adial"deformation at rn of cylinder n+l due to the residual
pressure qn at rn and the residual pressure qn ! at rn+l.

Substituting the Expressions (2) for q. into Expressions (14a) for the un and substituting
the r0esults into Equation (33), we find that An/rn reduces to:

+ ,A n  ' 2P
- -(34)

The result p,/2S. give-' by Equation (3P' otted in Figure 43 for various N. The
limit curye is,given by

at which limit the-minimum shear stress becomes equal to -S at the bore in the inner
cylin~der.

Figure 43 has Ueen-obtained under the assumption that - always gives the

maximum shear stiess. As pointed out by Berman, the maximum shear stress in a

closed-end confainer . i given by 2 w>en >-e. (42) Therefore, it is important A

to know thc limit to - for which cz becomes equal to oe. az is given by2S
Ocontainezen 1or hydotatic extulon suly are not closed-end catrainers. The effect of axial sten is, inctuoo iem tor
completeneu, 7)
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UI"
(r io given by Equation,(13b). 'Equating 0re at ro to z, we get the surprising result that

the 1imit to in this case is also given by Equation (35). Thus, the limit curve -n 'Fig-

ure 43 has two meanings?. it is t1i limit at which the minimum of the shear ,stress,,

from residual pressures becomes equal to -S at the bore, and it is algo the
2 " -0 " r. z - r

limit at which the bore shear stresses - and 2 become equal under the

bore pressure p.

From the limit curve in Figure 43" and from Equation (35) it is found that

K- ( =1 (36)
K.c2S

Thus, the maximum,-possibl'e pressure in -a multiring container designed on the basis of
static shear strength using ductile materials is p = 2S. For a ductile material with a
tensile yield strength of ZS = 180, 000 psi, this means that the maximufA pressure is
limited to 180,000-psi.

Fatigue Shear Strength Analysis
~I

The optiftum design of a multiring container-~having all rings of the same material
and based on fatigue shear strength is found by an analysis similar to that conducted on
the basis of static lhear strength. Instead-otminimizihg S in Equation (27), a given by
the fatigue relation, Equation (9) is minimized, i. e,,

n =,n 1, 2, .. ~N-i1 (37)
Rn

The stressesl!Sr and Sm ne, led in expressing o in Equation (9) are given by Equations

(16) and (17).

The results of carrying out the analysis are:
') ' Pn P -lr kn+

- _p(kn- 0) kn+L2k 2 k '2 2-k 1c 3)
P"nk2 .--.1+-"n = , 2, ... , N-I (8

kl = ka "' = k N (3,9) ir

P_ (40)

The qn are again given by Equation (3t) and the resulting interferenco required is
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An Sp
- --- (41)rr ZNE

The result pir is plotted in Figure 44. The limit curve is for Sr , 0 in the inner
cylinder and-is given by

ir Lim (2 Kz-l'\ 2
Lim ~~)=Lirn= -(42)

If a ductile material- hks an ultimate tensile strength of 210, 000 psi" then Equation (42)
gives a maximum pressure of 140,000 psi based upon the shear fatigue criterion.

These results onductile materials show that higher strength materials will have
to be used in order to re% h theA~ghpre ired. Accordingly, an analysis of amultiring container with a high-strength liner in now, described,

t

High-Strength. Liner Analysis

The hoop stress cr at the bore of the liner undergoes the greatest range in stress
during a cycle of presaure. Therefore, the tensile fatigue criterion is applied to the
o- stress. The range in the 0(e stress at the bore of a, multi-ring container depends only
upon theover-all ratio K, nd the bore pressure p and is independent of the number of
rings, i. e.

p K2 + -
(re~r~j-j-(43)

tEquation (43)'is found from Equatior, (13b) for r ro, rn = rN, and kn K.]

In the forimiulation of the tensile fatigue criterion the parameter ar has been defined
by Equation (10a), Thus, from'Equationa (-10a) and (43) it is found that

p: K2 1
"-- =+ " 1 ( u (44)

where au is the ultimatelensile Atresa of the liner. The ratio-p/rl is plotted in Fig-
ure 45 for various K and ar. [

The fatigue data &t room temperature of high-strength steels (cru 300, 000 psi)
listed previously in Tables XLI, XLIII, and XLIV are generally for r = 0.5 for life-
times ofa04 'and greater. Hence, it is concluded that the maximum repeated pressure
possible in a znultiring container with a liner of au = 300, 000 psi is approximately
300, 000 psi if appreciable fatigue life is required. This conclusion presupposes that the
outer components can also be designed td withstand the required interface pressure and
that sufficient precompression can be provided in the liner so that ar = 0.5 can be ex-
pected to give up to 104 cycles life. This i's investigated next.
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The stress range parameter a. depends on the mean stress parameter am. The

mean stress depends not only on the bore pressure p but on the interface pressures
Pl and qi between the liner and the second cylinder. The magnitudes of p, and ql that
are possible depend upon the geometry and strength of the G.:ter cylinders.

The outer rings are assumed to be all made of the same ductile material. Con-
ducting a fatigue-shear-strongth analysis of a multiring container having a pressure

fluctuating between ql and pl, we find from a method similar to that used in arriving
at Equation (39) (using Equation (37) for n = 2, 3, ..., N-1), that in this case also the
optimum design has

'

k2 =nk3  .kn  (45)

Calcdlating the mean stress om at the bore of the liner, equating ampr 1 to om from
Equation (10b), substituting for q1 from Equation (32), eliminating o1 by use of
Equation (44), and solving for pl, one finds

P1 r" KK 2 " k12  (K- + 1) (kl 2 - I) (ar - cm)

S4kl2 4ar

The other interface pressures f n > Z are again given by Equation (38). Eliminating
the pressures p, and Pn' n _- Z Irom Equations (46) and .(38), and solving for the
pressure-to-strength ratio p/ar, one gets

Z (K?- - 1) (knZ - 1) (N- 1) k 12 ar
=- (47)

o" kn2 [5(K2 - k1Z)ar 'f (ar - Oan) (KZ + 1) (k 1
2 - 1)1

The kn, n r 2 in LEquation (47) are equal as shown by Equation (45). Whereas, p/- 1
depended only upon ar-and K (Equation (44)), p/ depends on N, kn, and am in addition.

The ratio p/6 can also be limited by the requirement on Relations (7) and (9)
that the mean shear stress Sm in -Cylinder 2 at rI obeys the relation Sm > 0. Sm > 0
gives

(p)(imit =  2 I) (48)
3 1(

As is evident from the limit curves plotted in Figure 46, the pressure limit for the outer

Tings can be increased by increasing k1 . This means that the liner has a great effect

on p. The strength- of the liner, Or1, influences p in Equation (44). The size of the liner,

kl, limits p in Equation (48).

Whether or not p/," can be allowed as high as the limit, however, depends on the

other factors N, ar, K, etc., as shown by Equation (47). This dependence is rather
complicated. Example curves of p/r are plotted in Figures 47 and 48 for ar = 0. 5 and

arn = -0. 5. As shown by these curves p/cr increases with N andalso increases with
k1 for N 5, K _ 6.5.
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Suppse p300, 000 psi aa determine1 from Equation (44) 16- 5 05and
Z101 000. Thus, thb multiring cylinder must be quite large in size to support maxi-

muni repeated preissure6.

The interferences An a~nd residual pressures qri have yet t'u-be determined for the,
multiring container. Since the liner and the outer rings are assumed to be made from
twon different -materials, thermal expansions must be included in the interference cal-
~culatio-na3. It is assumed that no thermal gradients exist;, all components -reach the same
temperatures uniformly, Therefore, the 1iterference required between the liner an~d
the second cylinder is- expressed- as

A1  ul(rl) u?(x1)
=o - - M~AT +aZAT (49)

where-

41r manufactuxed i. erference

Ul(T x~~arlial v1iormatiqn of liner at rl-due to residual
Py'80ureqat rl

uZr)radi al deformnatioir of Cylinder 2 at r 1 due to residual

prebasures q, at T, axid'4 2 a r
02

A coficient of tharmal expansion at terntprdure '
AT temperature change from room,, temperature.

The interferences A~ requlre4_4etween the outer-cylinders is again given by
Equation (33) for n 2. The residud-Ypresasure 9 q. needed 'in calculating the, An are4
found from Equation (3?) for pn given by Equations (46) and (38). In the calculation of
the un from Equation,(Ma4), the values of~the moduli of elasticity, En at temperature
should',be used.

The container designed-for use at temperature will have residual pressures q
at room temperature different from the qg necessary at temperature.. the q * are
found as follows: -the un* are first expressed in terms of q * from Equation rl4a) using
the values Of En at room temperature, the An are expressA, in terms -of -che u,"* from
Equations (49) and- (33-) for AT =0. This procedure gives thie following system of
equations in thea

A 1
A~q*+ Al~q?* E~ Zu-

An

where -a
+ ~ IV' I u; f-

lx'l



kn 2 + 1 kn+l 2 + 1 kn2 + 1 -2kn+l 2  kn z
An 2 -- ,- Ann+1 

- .... W -2----
-n2 1 kn+l 2. 1 kn2- 1 kn+l 2 "I  kn2

t, ., -d

and whore &1 and the An, n 2 have bee sl,%~my a,4culated, for AT 0 0. There are
N-1l linear equations (50a,b, ... ) in N- 1 = 0,19vn qn, n = 1, 2, ... ,) I'-1 (0 N = 0).These are easily solvad by matrix solution on the computer.

Having calculated- the residual pressures qn'* q room temperature the residual
stresses can be calculated from Equations (13a-c). These residual stresses can then be
checked in order'to easxtre that they are within tolerated bounds. Examples of such
calculations are desceibed later when specific designs are considered. Next, the ring-
segment container is considered.

Ai Ring- Segment Container

A ring-segment-container has been shown in Figure 39b. For this design, he
equilibrium requirement, Equation (21), relates P, and P2. Under shrink-fit it is as-
suned that the segments just barely contact each other, i. e., the segments carry no
hoop stress. (If the segments were in strong contact with each other, they would act
likea complete ring, i. e., they would carry compressive hoop stress, and the distinc-
'tion between a ring-segment container and a multiring container would be lost.) Thus,
the same equilibrium requirement applies to the residual pressures q, and qZ. This
requirement is

p, pI/kZ, q -ql/k 2  (5la,,b)

<tn order to determine the pressures pl "indl the following radial deformation
equation is formulate-d:

u?(rZ) u?'(rl) + A12 + a2AT ,(r 2 - r l ) ='u3 (r2 ) - ul(rl)

whem + a3ATr 2 - MIATrl
where ,.. :'

A 12= the, manufactured interference defined as the amount (r 2 - r1 ) of
the segmente exceeds, (r?- r1 ) of the cylinders

un(rm) = the radial deformation of component n at rm due to pressure
pn.or qn at.rn and'Pn~1 or qn-1 at r,_'

an -thermal coefficient of 0a iq4 of component n -

AT = tmperature cha ge fibm room t nverature. '9

NN
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If the elasticity slutiono, Equations (14a) and (l9a.), for the un and Equation (51a)
for p.are substitutod into Equation (52) and-the resulting expression solved for pl. thien
there results

l 12p + 2 Elk 2 p3 +3 El ATE 1 [kQ a2 ) + (a2 - a,)} (53)

where

k1+ EL --"(k+l) Mi 3 (,rl) - kzf3(rJ \

'-F-:1(54)
2

The En are the =oul ofeatct at temnperature. The parameters -Mj and Al and
thefuctonf 3 (t) hvbendfedpreviously in reference to Equationu (l9a, b). The

procedure for finding q1 is the same as that for finding P1 except that p it 0 and q3
replaces P3 1 i. a*)

q+ ATE,, [kZa 3 -aZ) + IaZ-al)} (55),
E (k 2 -l) r

A fatigue analysis of the high- strength liiner is now conducted;. The range in the
hoo .-stresx at the bore it:

(ore)inax - ((re)m in p (kl 2 ... ) - p~l; (56),

where Equation-(13a) .ia4p been used, (p -q )is given by Equation (55), but an expression
for (q3 -p3 ) is needed before Equati;il (5R) can,be used:-to solve for p. The exprees8Ion
fOt (p3-.q3 ) is obta..ed from Equation,(32) with (p2--q2 ) replacing p and with k 4k ?..k
replacing0 K2 in Equation.(31). There results

A(p 2 -1?,) (knj+1~kn+ 2 .. X . ?--I)
(k3pa 2 k 4

2 .. k 2-1) 3 (07)

Substftiing, for (q3 -p3) 'from Equation (57) into (55), then substituting for (pl.ql) from
Equation (655rinto (56), equating (ore)r and arrl fromn Definition (40a), and solving fox

pwpone bbtains-

jh(kj-l2(-h

/ , !1f

4k 0

, , «



"where 2E 1 kn2 (knZ(N- 3 ).l)
h = -(59),

(k3  k4 = ... kn for the outer cylinders as shown by Equation (45). Therefore,
k3

2 k42 ... kN2 = kn?(N-a) 4i the expressionfor'h.)

It is easily shown that-(g-h) is independent of N, the number of components. There-
fore, p/h"1 given by Equation (58) is independent of N. However, p/(ri is dependent upon
k1 whereas for the multiring container it was not as previously shown by Equation (44).
This dependence is also shown in Figure 49. From this figure it is evident that the ring-
segment container cannot withstand as great a preosure as the multiring container if
the overall size is the same. This result is believed due to the fact that the segments
do,'not offer any support to the liner - they are "floating" members between the liner and
the third component, another iing. The effect is more pronounced as the segment size
is increased. This is shown in Figure 50 where it is seen that the pressure decreases
with increasiag segment size.

The detrimental effect of insufficient segment support to the liner can -be reduced
by using a high modulus material, tungsten carbide, far'the segment material. This is
shown in Figure 51. However, the improvement is not sufficient enough to increase the
pressure capability of the ring-segment container to that of~'the multiring container.
This conclusion is based on results for various wall ratios.

'The fatigue analysis of the outer ductile cylinders is conducted in the same manner
as it was done for the multiring container, except now the component numbers are
nu 3, 4, ... ,N. -The result is

. %... . (kn 1) (N-2) (60)

(a -am) - 2  + _am)
kn4 c + (aL 2 kkZ k, (k- 1) (g-h)J

This result is, plotted in Figure 52, which shows the effect of increasing, kI and compari-
son with the multiring container. Although p/- can be increased by use of segments,
the ring-segmenc container has the limitation of'.iower pyc, 1 as shown before in Fig-
ures 49 and 50.

The effect on p/o7 of increasingthe segment modulus was also Investigated. How-
ever, the effects were found to be insignificant.

' , ; -Ring- Fluid- Segment 'Container

The ring-fluid-segment container is Illustrated in Figure 39c. This container is
a ,combination of a ring-segment container for tho inner part and a multiring container
for the outer part. All of the equations derived f&r the multiring container can be used 'K'
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for the outer part. For the inner-part, Equ ions (51a,b), (52), (53), (54), and (55) ap-
ply, The latter equation-applies with q3 

= 01 Equation (56) is valid and can be used to
find p/al for the liner. [Equation (56) is not needed since P3 is given.] Solving for
pla1, one finds

P •' •r (klZ1 I) (61)
~ kl2 F +1Zz _____ P3 k Zkk 3

2

L 2 g (ki -,) E3 p g(k 3
2 -l) j

This equation shows that aft increase in P3/P gives an increase in p/( 1.

Let r3 be the ultimate tensile strength of component 3, the outer cylinder of the
inner part of the ring-fluid-segment container. If fatigue relation, Equation (9) isused for this cylinder, then there results

k3
2 _ F 5 11

o3k 3
2 -,1 ".(P2,P3 ) j(

3e

The-pressures P2 and q are related top 1 and q1 via Equation (5la, b). p1 and ql are
related by Equation (55 with..q, = 0. One other equation involving p. and ql is needed
which, Is found from the Definifton (10b) for the parameter am, i. e.,

"(O'}max 4 (o0)min p k1 2 + 1 (P, + ql).

ml, 7m 
2 k= - lkl

,at r0 . kl- -Hi

• nlvi__ ic- and "l, finding p2 and q2 , substituting into Equation (62), and solving for
p1%3, one obtains-(

K.L -(63)

k 2 1 +E k33 k2' p, g-k 1) k2 2 I (k a -)

where ,
q, (ar- am), (k1z - I ,l -)

P 2 klc -  p ,,.:

k4

The pressure-to-strength ratios p/rl and-p/ir3 are plotted in Figures 53 and 54, as
a function of segment sizek 2 And wafl ratio XI for kI - 1. 1, P3/P , 0Z , at a 0.5, and
a., =-0. 5. The pressure do- strength ,rtlos increase with K' or equivalently with,k3 ,
since K' = klk.k3 . The behaviqr shown lor k.1 = 1, 1 is the same as that fou d previously
for the ring- segment container; i. e., p/%T3 increases with increasing kc but p/s 1
decreaees, However, if kI is increased to 1. 5 from 1. 1, then-p/r 1 also increases with
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kZ for laMe K' as shown in Figure 55. p/0"3 continues to increase with k2 as shown in

Figure 56. Thus, both p/#-i and p/cr3 increase With large KI for k2 = 2.0 and k1 1.5.
Por values of k2 between 2. 0 and 4. 0, however, computer calculations show that p/0I
and p/(r3 first continue to increase and then decrease.

The pressure-to-strength ratios can.also be. increased by increasing the -support

pressure P3 . This is shown in Figure 57. With the high ratios shown, it is theoretically
possible, o have bore pressures as high as 1,000, 000 psi in ring-fluid-segment con-
tainer. However, practicable limitations regarding excessive interference and size
requiraments, which are discussed later, considerably reduce the pressure capability
of this design.

The interferences and residual pressures for outer and inner parts of the ring-
fluid-segment container can be calculated using the analysis derived previously for the

multiring container and the ring-segment container, respectively.

Pin-Segment Con~tainer

The analysis of the pin-segment container, shown in Figure 39d, also assumes a

high'strength liner. It is also assumed that any manufactured interference is taken up

duringasaembly by slack between.pins and holes. Therefore, the residual pressure, ql,

between liner and segments is zero at room temperature and nonzero at temperature
only if the coefficient of thermal expansion of the liner, aI, is greater than that of the
segments, 2. In this analysis, it is assumed that al ( .

The following radial deformationequation must be satisfied:

u 1(r) + Al ATr 1  uZ (rl) + C&2ATr? (64)

where
ul(rl) = the radial deformation of the liner at r1 due to p.at ro

and P, at rI when p 6 0, and due to ql at r1 when p.= 0'

u?(rl) = the radial deformation of the segments at r1 due to p, or "
ql at r1 and the pin loading at r2 .

Substituting into Equation (64), Equations (14a) and (23a) for u1 and UZ, and solving
for pl, one gets

p1 (65)
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where E1 2~l M?.f3rl) G2g l~~~+ 2L + + -( + E? G + gm4(rl)]

kl Z + I

+ kl -  1 ' .(66)

Similarly, q, is found if p is taken as zero; I. e.,

EI T (al - kzaz )
'ii - (67)92

Formulating the range in hoop stress (rO)r at the bore (Equation (56) and using the
definition a o-, = (cr0)r, we get the following expression for p/ 1 :r

p 20. (k- Z - 1)2 g? (68)

[gZ(k j4-l) -4klZ

[Equation (68) is identical in form to Equation (58). ]

The pressure-to-strength ratio p/I is plotted inFigure 58. Comparing this
figure with Figure 45 for the multiring container with a. c 0. 5, it is evident that both
contain,%rs have-he same limit p/cr1 - for large wall raios. However, cr = 0. 5 is
possi-ble only if am =< 0 as shown ini Figure 42. Actually, am = +0. 5 is likely in the pin-
segment container if ar = 0. 5 because any interference is expected to be lost in taking
up slack between pins and holes. In this case, then, ar = 0. 5 would mean only one cycle
life whereas ar = 0. 5 means 104 to 105 cycles life in the multiring container. t7 ,4s
assembly problem could be eliminated by careful machining and selective fitti op-C pins,
then theoretically with sufficient compressive prestress, the p/c- 1 ratio of the p' .-

segment container could be made to approach that of the niultiring container.

Since no prostress has been assumed for the pin-segment container, a a = 0. 35
for 104 to 105 cycles as shown by Figure 4. For ar - 0.35, it is found that p/ Ii
limited to 0. 7 at best. Therefore, the maximum pressure in the pin-segment container
Is p v O. 7 (30a, 000) = 2'I0, 000 psi for 104 to 105 cycles life..

Tt.o strooses in the segments have not Vot been considered. High stresses develop
around the pin holes. These too limit the presvure in the pin-segment container. Analy-
sis of the stres+pes 1: the segments i desc bed in Appendix I. For the purpose of
0 stipuag stresefs in tie Segments thki intter.ace pressure p, is needed. Therefore,
plo, of p 1 /p are provided in Figure 59. It i,,i evident that the interface pressure P, is
appteciably less than the bore pro4uve p1 especially for large k, and small k?.

The pins are analyze4 in Appendir Ii. In order to carry-the pressure loading pl,
it is komud tbhat t ptinbol n , , -diarpoter ratio must be

" ; " 7 ,+ -.+, ,+ -+.++', + + ++-',,,-',,' .......... ... ,. . . , +
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- (69)
Zr1 3 d r

wlhe re

d = pin diameter, t = segment thickness,

2r1 = inside segment diameter, r= maximurn shear stress in pin.

Strip-Wound Container

An analysis -./as not conducted for the strip-wound container, because it is possible
to estimate its relative strength based upon the results of the analysis of the multiring
container. The scrip-wound (wire-wrapped) cylinder uses basically the same principle
as the nultiring container. It has a cylindrical inner cylinder, the liner, under pre-
stress, but the prestress in the liner i:3 provided by wrapping strips or wire under ten-
sion onto the liner.

To estimate the pressure-to-strength ratio of the strip-wound vessel it is assunled
that it behaves overall as a thick cylinder under internal pressure after the strip has
be,-n wound on. Referring to Equation (44)', we see tha,% the pressure-to-strength ratio
p/ol depends only on the overall wall ratio K and ar the stress-range parameter for the
liner material. If K for the strip-wound vessel is taken as the ratio of the outside di-
ameter of the last strip layer to the inner bo.e diarneter, then Equation (44) can be used
to estimate its pressure capability. Therefore, it may be concluded that the strip-
wound container has a maximum pressure equal that of the multiring container. How-
ever, unki.awn local stress concentrations and contact conditions between strips may be
detrimental in the strip-v ound design. Because of these possible disadvantages and no
better pressure capability than the multiring container, detailed analysis of the strip-
wound vessel is not warranted. However, the strip-wound design does offer advantages
in producibility of large-diameter containers as pointed out later in the "Design
Requirements" section of this report.

Controlled Fluid-Fill, Multiring Container

A controlled fluid-fill container, shown in Figure 60, has been proposed by
Berman( 4 2 ). All the rings are assumed to be made oi the same ductile material and a
shear-strength criterion applies. Like the ring-segment-fluid container, this container
also uses the fluid-pressure support principle. The advantage of this design is that
under static applications the residual-stress limitation (the limit curve in Figure 43) can
be overcome by controlling the pressures Pn; i. e., the pressures, Pn, can be reduced to
zero as the bore pressure, p, is reduced to zero. There are no shrink fits, so there
ar3 no residual stL asses. Berman's analysis was based upon static strength. A similar
analysis is now conducted based on fatigue strength.
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A-5 2 366

FIGURE 60. CONTROLLED FLUID-FILL CYLINDRICAL-LAYERED
CONTAINER [REFERENCE (42)]

In order that each ring may have the same shear stress under static pressure,
Berman finds that the same relation, Equation (30) [first found by Manning( 5)1, applies
for the controlled fluid-fill container that also applies for the multiring container de-
sfgned for static shear strength. If this result is ased in a shear fatigue analysis

:L" (assuming ductile materials), then Equation (30) can be interpreted as the maximum
shear stress developed during a cycle of pressure, i. e.,

(S)max K/N (70)N (KZ/N. I)

If the pressures p, a-" reduced to zero, then the minimum shear stress during-a cycle
of pressure is zero. "ii',refore, the semirange and mean shear stresses are equal,

pKZ/N

Sr = (71a, b)&N(KZ/N. 1)

where Sm and Sr are defined in Equations (6a, b).

If Equation (71a, b) are substituted into the fatigue relation, Equation (9), there
z esults

p KZ/N
ZN (KZ/N. 1)

it isi surprising that this result, Equation ('12), is the same as Equation (40) plotted
in Figure 44, the reset of the shrink-fit analysis, except now the limit Equation (42) no
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longer applies. Therefore, now p/a' can be made as large as desitec. rimply by in-
crearing N. Th}. oisy problem is that the required N or K may b6 too large to be prac.-
cal. For example, assume c a 150, 000 psi (ultimate sLrength of a ductile steel), N = 8
and K - 16. Calculating p we find that p = 240, 000 psi. Thus, it is concluded that for

fatigue applications u.;der high pressure the controlled-fluid-fill, multiring container
becomes too large to be practical. Eight rings also means there are seven annuli -nder
fluctuating pressures. (The nagnitudes of these pressures are all different and are
given by an equation similar to Equation (38).) Design of mechanical apparatus to supply

and control all these pressures presents practical difficulties also.
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ANALYSI; OF RING FLUID RING
CONTAINERS FOR HIGH PRESSURE

A high-pressure-container design waa suggested in Interim Report IV( 2 1 ) which
derives the benefit of both shrink-fit and fluid-presure support. This design is shown
in Figure 40. It is composed of two multiring units and therefore avoids the numerous
difficulties encountered in segmented designs. Analyses of this advanced container
design are cescribed in this section. The analyses for calculating maximum pressure
capability, residual stress, and required shrink-fit interferences were programm-d for
calculation on Battelle's CDC 3400 and 6400 computers.

Gelieralized Fatigue Criteria

In the earlier analyses, two fatigue criteria were used for either high-strength
liner steels or for ductile outer cylinders. These were a tensile-strength criterion and
a shear-strength criterion repectively. These criteria were postulated for pressure-
vessel stress conditons. The fatigue data available in the literature were used to deter-
mine the criterion for failure. Only uniaxial data could be found on high-strength steels.
Some triaxial fatigu e data from pulsating fluid-pressure tests were available on low-
strengtb steels. (3A,)

In a general design of a multiring container, different steels with different fatigue
behavior may be used to advantage for each ring. Since .'o definite fatigue data are
available at this time on the biaxial or triaxial fatigue of high-strength steels in particu-
lar, generalized fatigue criteria with arbitrary coefficients are formulated here on both
a tensile-strength and a shear-strength basis. (For example, it may be that a high-
strength brittle steel will fail in a ductile manner when subjected to high bore pressures
in a container. ) These generalized fatigue relations are as follows:

An (a Or 4- Bn (aO)m = an

or (73a,b)

An Sr +Bn S =an

where

An, Bn are coefficients describing the material of ring number n,

subscript r denotes the semirange stress component,

subscript m denotes the mean stress component, and

On is the tensile strength of ring number n.

The linear relations (73a, b) can be used to describe in a stepwise manner, nonlinear be-
hpvior as illustrated by the semirange, mean-shear-stress plot In Figure 61. (The
constant coefficients An and Bn in (73a) are related to the variable parame -era czr and am

1 1
defined earlier as follows: An = -'for am = 0, Bn = - fo ar = 0.) The shear fatiguerm

relation
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3Sr + ZSm = a, where a ' au, for 106 cycles life (74)

'Equation (9) in the previous analyses), must be limited by the yield strength, ay, for
large mean stresses as shown in Figure 62, i. e.

2Smax = 25 r + 2-,n <-y (75)

A conservative shear-fatigue relation is the foilowivg:

(au X)r + 2Sm =ay , for 106 cycles life (76)

Relation (76) is also shown in Figure 62. f The coefficient A. = 3 in Equations (74) and
(76) is taken from data in Reference (35) as indicated earlier on page 164.)

The significance of the limit Sm = 0 [used in conjunction with Equation (7) on page
163) is now pointed ptt. Sm at the bore is related to (a 8)m as follows:

(e)m (Po - qo) (Ci)m PC.ni +  +- fo +o 0

Thus,
( 0e)m PO for$ =0 (77)

For a muiti-'.,g container it was found that (Po)n ta, u for Cr - u 0.5, m

- 0.5 for 104_105 cycles lf. Therefore, the maximum tensile strength fatigue

criterion with a. = 0.5, am = -0. 5 is equivalent to Sm = 0 for the shear strength
criterion.

Coefficients AA and Bn in Equation (73a) are now calculated for the tensile
criterion postulated for high-strength steal'j (ou > 250, 000 psi) from the fatigue data
giver in Table XLI and XLIII. These data are as follows in terms of and M

Semirange Paramieter, ar

Fatigue Life, cycles for Cm = 0 for ar = am

.105 (.50 0.35
106-107 0.35 0.25

Thus, for 0 a--m <--ar (. ero to a positive mean stress) t&e coefficients An and Bn are
calculated to be:

Fatigue Life, cycles An Bn

104-1C5  2,00 0.86
106-107 2.86 1.14
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For, -ar e. m - 0, in leiti cf actual data, the fatigue zelation (73a) is assumed to be
horizontal (Figure 61), i.e., B n = 0 withAn = 2.00 anAn = 2.86 for I04-I05 and
,06 -107 cycles life, respectively.

Geneial Analysis of Multiring Containers

A multiring container or a multiring unit of a .wo-unit container such as has been
shown in Figure 40, is assumed to have pr'!ssures fluctuating between qo and po in the
bore and between qN and PN on the outside diameter. Minimum stresses during the cycle
occur at pressure preloadings qo and qN, and maximum stresses occur at operating-
pressure loadings of po and PN (The pressures qN and PN are the so called "fluid-
support pressures". ) The generalized fatigue criteria (73a, b) are used. The elasticity
solutions for the stress components in Equations (73a, b) are as follows:

= I P - qn)(k2 + 1 ) - Z(p- qn)k2  
, (78a, b)

r (k2 
- 1)

n

= 2(k2 I) (Pn-1 + qn- 1 )(kn + 1) - 2 (Pn + qn)k] , (79a, b)

k
2

Sr = n [(Pn-1 - Pn) (qn-1 - qn)]
2(kn - 1)

n

The Pn are related to the q as follows:

Pn =q + ('arn) (80a)

where

(Pa C'- (1 - k2 1 k2 ... k2 (8 b)(7rn = (K 2  . ) n n 2)

(PN qN ) (K2 -I2 k +2 . . I2 n 1, , . N 12 n+ n N ,..,-

(K-1

There are (ZN-l) unknowns: X pressures Pn, (n = 0, 1, . . , N-l) and N-1 pressure qn,
n = ,Z,.. ., N-1. (Determining p, the bore pressure determines the pressure capa-
bility. ) There are also (ZN-1) equations: N equations from Equations (73a) or (791) for
rings n = 1,2, ... , N and (N-I) equations from Equation (80a). Therefore a solution is
tractable.

This analysis was programmed into a computer code, Program MULTIR (abbrevia-
tion for multiring), for Baftelle's 3400 and 6400 CDC computers. Results are given later
when specific designs -.tre discussed. First, the influence of "fluid-support pressures"
qN and PN is studied by considering the example of a fatigue shear strength design.
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Shear-Strength Analysis of a Mu'tiring Container

A multiring container is considered which has all rings of the same material, i.e.,
the same Equation (79b) is assumed valid for all -ings, n = ,2,...,N withA 1 = A2AN; B1  B 2  ... BN; and 1  a.. =o =. The pressure-to. strr-ngth ratio
poa is derived in exacdy the same manner as in Equation (42) (for the ,,'ecific case
An 3, Bn = 2). The result is

Po PN 2N KZ/N - 1 (An - Bn) qo 8qN

a a (An + Bn) K 2 /N (An + Bn) o

Simile,44y, a limit is imposed such tbat the minimum shear stress, Smin, at the bore is

greater than or equal to the ccmpressive shear strength of the liner, Sc, i.e.

S= - (82)

(This limit is believed to be more realistic than the limit Sn = 0 that was used in the
earliei analysis.) Using the definition Smin = - Sr + Sm, the fatigue relation (73b) and
the equation for Sr in the liner,

KZ (P qo-(N - qN ) ]
Sr 2(K 2 - 1) 1 -o 0) - (P-

in tne inequality (82) there results

PO K- -l Bn ( 2
P* + cy + (Pn- qn) +  (83)a K2 . Aii + B (83)I

The pressure-to-strength ratio po/0 from Equation (82) and the limit (83) are
sketched in Figure 63 as functions of'PN, qN, and qo. The solid curve for po is valid
only when it is below the dached limit curve. The support pressure, PN, gives the most
benefit as shown - both p. and (Po)limit increase with PN. Small amounts of pressure.
qH, are helpful if po ,- (Po)linit, A residual bore pressure, qo, is detrimental - po
decreases with qo.

Considering -4 two-unit, mutiringc'anta-iner, it can now be realized that it is best
.,hat the fluid suppo. "t pressure also filuctu( Oi-or tWo reasons:

(I) Too great a residual pressure, -qN, on the inner unit decreases its
pres sure capability.

(2) The pressure, qN, cn the inner unit corresponds to ti.e pressure, qo,
on the outer unit, which in tu.Yi decreases the pressure capability of
the outer unit.

The best design in a specific case may not require that qN = 0, but it will require that q
be sufficiently small.
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Equofion (S1)
• .. .,m. h equoity(83)

o PO

0 po-

FIGURE 63. INFLUENCE OF PRESSURES PN' qN AND qo ON THE
PRESSURE CAPABILITY po

Comparison of the Shear and
Tensile-Fatigue Criteria

A container designed on the basis of the shear-fatigue criterion will have a pre-
dicted pressure capability generally lower than that of a design based upon the tensile
fatigue criterion. This is illustrated in Figure 64 for a single-ring (monoblock) container
witlh PN = qo = qT = 0. The curves in Figure 64 are plots of '.he equations

P°2u 2 + n - I for the tensile criterion, and (84)
ou(An + Bn) K2 +1I

P°/u - + an K ---- for the shear criterion (85)

(An+ Bn) Cu K

For a large wall ratio (K) the shear criterion predicts lower pressure capability. For
thinner walled containers, K e, 1. 7, the reverse is true.

For 1. 4 < K < 2.0 the tensile criterion and the shear criterion both predict about
the same pressure capability as shown in Figure 64. This agrees with the conclusion in
Reference (46) based upon experimental fatigue data of cylinders with 1. 4 < K < Z. 0 under
cyclic internal pressure. However, the shear criterion severely liraits the pressure
capability for lar:ge K. Thick-walled containers, multiring units, are needed to contain
the high extrusion pressures and the important question arises, "Which criterion should
be used"? The shear criterion curve in Figure 64 is based upon fatigue data from actual
pressurized cylinder tests for low-strength ductile steels, having an ultimate tensile
strength of au = IZ6, 000 psi. (35) The tensile criterion curve, however, is based upon
rotating-beam and push-pull tcsts of high-strength steels, au > 250, 000 psi. It has been
postulated that the tensile criterion holdc for Zae high-strength steel containers under
iaterral pressure. Experimental verification is needed. The successful design of
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F
containers for bore pressures Z50, 000 < po :i 450, 000 poi depends upon the validity of
the postalated tensile-fatigue criterion,

In Figure 65 a comparison of the theory based on the tensile criterion is made with
experimental data of Reference (46). The data from Reference (46) are for 4340 steel
with ultimate tensile strength au = 160, 000 psi. Unfortunately, the experiments were
run only for lifetimes up to 105 cycles. The comparison, Figure 65 shows that the
theory predicts a too high pressure capability in this case. If the theory derived for
high-strength steels is valid for the lower strength 4340 steel, then Figure 65 indicates
that a cylinder designed for 106-107 cycles life would actually fail earlier at 104-105
cycles. This may result from the detrimental effect of fluid entering voids in the
materials under pressure. It is expected that large compressive prestresses from
shrink-f-t in rmultiring uniis will prevent this detrimental effect. This expectation needs
to be investigated experimentally.

When design pressures are low enough, the more conservative shedr criterion
should be used. In some cases the tensile criterion can b'e used for an inner ring and the
shear criterion for outer rings as described earlicr and in Example Design 2 discussed
below.

Example Designs of Containers

The design of the multiring componenti of the ring-fluid-ring container require not
only calculation of required diametcrs and interferences but also due ,.onsideration of the
feasibility of manufacture and assembly. Excessive size and interference requirements
will render a design impracticable. Calculations are described here, using computer
code MULTIR, for two example designs. The diameter and interference requirements
are listed so that they may be used as a basis for judging the feasibility of manufacture.
Calculations are performed for 6-inch-diameter-bore designs. A larger design, with a
15-inch-bore diameter, is then considered by scaling up the diameter and interference
requirements for the smaller design..

Example Design 1

A two-unit, multiring container is analyzed based entirely on the tensile-fatigue-
strength criterion. The inner unit consists of only one ring. The data for the inner-unit
are as follows:

wall ratio, K =. 5

inner radius, r o = 3.0 in.

outer radius, r1 = 4. 5 in. (86)

design tensile. strength, c1r= 300, 000 psi

ma;.imum internal bore pressure, po - 450, C00 psi

minimum Tihernal-bore preasure, qo = 0

It is assumed that

N drr3 a (87)

A ------ --- -



(fatigue data from Tables XLII and XLIM for 106-107 cycles life), under the following
conditions:

(T e)max  0, (a e)min> - a1  (88)

Equation (84) and the definition

(Ce)min (ae)max "Z(ae)r

require from (85) that

(e)min - 2/3 a1  (89)

To obtain conditions (87-89) a fluid-support pressure varying between qj and pl is to be
found. Because the inner unit consists of only one ring in this case, calculations on the
computer are not necessary as they are easily performed by hand. The analysis proceeds
as follows:

KZ + I KZ

(ae) l 2p 1 ~ 0(()max = o K2 _ 1 KP K2 - I

Po K? + 1
P ------ - 3Z5, 000 psi , (90)

2 K

(a e)min Zql K2/3 al

K-1 3 , ,500 psi (91)-ql - KZ 3 ~

Thus, it if found that the outer unit must withstand an internal pressure varying between
55, 500 psi and 325, 000 psi.

The computer code, MULTIR, is used for the outer-unit calculations. A 1/2-inch
gap is allowed between the units for the fluid-support pressure, i. e., r o = 4. 50 + 0. 50 =
5. 00 in. for the outer unit. The assumed daia are

wall ratio,. K = 4.0,

number of rings, N = 3,

ring radii, r =5. 0in., r 1 =7.95in., r =1Z. 61 in.,
r3 = 20.0 in.,

support pressures, PN = N 0,

minimum bore pressure, qo = 55,500 psi,

fatigue coefficients, An = 2. 86, Bn = 1. 14.

Different calculations, IA - ID, are performed-for rings made fiom-nmateiials with
various strengths. Results are given in Table, XLV. All four calculations give results
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that satisfy the requirement of maximum bore pressure of po = 325, 000 psi. isle effect
of varying the strength of the rings 's indicated. Desin B has the minimum required

0010 i062
interference, AI =0.0622 in., corresponding to- = 7.95 =0.00782in. in.

TABLE XLV. RESULTS OF COMPUTER CODE MULTIR FOR EXAMPLE DESIGN 1(a)

Results
Design Tensile Strength Maximum Bore Required

of Rings, al. psi 1 Pressure Interference(b), in.

Design 1 2 3 for 106 Cycles Life "

1A 325,000 325,000 325,000 338,337 0.0670 0.0739

1B 350,000 325,000 300,000 332,699 0.0622 0.0.30
1C 375,000 350,000 300, 000 34.5,837 0.0658 0.0578
1D 400,000 350,000 300,000 351,251 0.0625 0.0578

(a) Based entirely on the tensile-fatigue criterion.
(b) Intrferences requited on the radius. Al required between rings 1 and 2, and A2 requited

between 2 and 3.

Example Design 2

In this design the more -onservative shear-fatigue-strength criterion is used for

the outer (second) ring of the inner unit and for all three rings of the oxiter unit. The

given data are:

Inner Unit

wall ratio, K 3,

number of rings.j N = 2,

radii, ro 3.00, r =5. 1960, r2 =.9.00p

tensile strength of ring I, a = 300, 000 psi,

yield strength of ring 2, ay= 212,500 psi (ay =0. 85 au, a = 250, 000 psi),

fatigue coefficients,

A1 =2.86'and B1 = 0. for ring 1,

A 2 =2.55 and B2 = 2.0 for ring 2,

minimum bore pressure, qo = 0,

support pressures, PZ = 160, 000 psi, q2 = 0.

Outer Unit

wall ratio, K,= 4,

radii,, r0  9 500 in., ri 1507 =n., r 2, r3  38. 00 in.,

number of, rings, N

.7~1~ st gtiof.ig4, 256,0900 ps@i (%y =0. 85 p au= 300, 000 psi),

fagetcefcientB 0of.!ihs, Ai -2(.'55, Bn 2.00,

zo6.



minimum bore pressure, qo = 0,

support pressures, P 3 = q 3 = 0.

The support pressure, Pz on the inner unit was precalculated by an analysis
similar to that of Equation (90) to give (a e)max z 0 at the bore.

The results of computer code MULTIR are

Inner Unit

Po = 455,832, A1 = 0. 0416 in.

Outer Unit

Po =  2 0 2 817 psi, A1 =0.0772 in., A2 20.1220in..

The maximum allowable pressure, po = 202, 817 psi, in the outer unit represents a factor
of safety of 1.33 over the required pressure of 160, 000 psi.

The 6-inch-diameter-bore designs considered would require outside diameters of
40 inches and 76 inches for 325, 000 psi and 455, 000 psi capacities, respectively. The
larger diameter requirement in the second case reflects the conservative shear-strength
basis of this design. Containers with 15-inch-diameter bores would require (scaled-up)
outside diameters of 100 inches and 190 inches, respectively. Rings of those diameters
are considered too large to be practicably manufactured and assembled.

Theoretically, a ring-fluid-ring container can be designed to a maximum pressure
capability of Pmax _ 1, 000, 000 psi. It would have a multiring inner unit. However, the
external-size requirements make such a design impracticable as was the case for the
ring-fluid- segment container.

Conclusions and Recommendations

Bore pressures of 450,000 psi corresponding to 106 cycles life are found to be
theoretically possible in hydrostatic-extrusion containers using the fluid-supported multi-
ring concept. Container designs with 6-inch-diameter bores appear to be practicable
to construct. However, outside-diameter requirements of 15-inch-diameter-bore con-
tainers appear too large to be practicable at this time.

Theoretical analyses have been based on postulated fatigue behavior of high-
strength steels. Experiments to obtain actual fatigue data of high-strength steel cylinders
under cyclic pressures up to 450, 000 psi is needed before the predictions of theory can
be verified'. A potential problem in such an experimental fatigue program is foreseen:
the fatigue specimens will have to be heavy-walled containers in order to support the
high pressures. Therefore, an alternative experimental research program consisting
of two steps is recommended:

(1) A preliminary analysis aimed at designing, small specimens pres-
surized and mecbanically loaded to simulate the stress condition at
the bore of a container,4 and

() Construction and testing of simulated specimens.
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XXXI

DESIGN REQUIREMENTS AND LIMITATIONS
FOR HIGH-PRESSURE CONTAINERS

As already indicated, the theoretically predicted maximum-pressure capability for
the five containers conoidered in detail in the present study are as follows for 104 to
i0 5 cycles life:

Maximum Pressure, p,
Container psi

Multiring n0, 000
Ring- segment ), 000
Ring-fluid-segment (p3 /p 0.3) -1, J0, 0 0 0

Pin-segment 210,000
Ring-fluid-ring (multiring inner unit) ~-1, 000,000

These pedictions, based on the fatigue strengths of steels with an ultimate tensile
strength of 300, 000 psi for .the liner and 200, 000 psi for the outer cylinders or compo-
nents, apply to any operating temperature provided these are the strengths at that
temperature.

For liners with ultimate tensile strengths much greater than 300, 000 psi, the
theoretical maximum pressure capability of the various designs may be improved ap-
preciably. This is true if it can be assumed that the higher strength materials would ex-
hibit the same fatigue behavior as that shown in Figure 42 for steels with ultimate tensile
strength ranging from 250, 000-310, 000 psi at room temperature. (Tensile strengths of
410,000 psi have been reported for AISI M50 steel. If the previous assumption is cor-
rect, then a multiring or ring-segment container with an M50 liner would have a theo-
retical maximum pressure capability of 410, 000 psi. However, these containers may
require that some ductile outer cylinders have ultimate tensile strengths greater than
200, 000 psi. )

Possible Manufacturing and Assembling Limitations

It is important to note that the theoretical pressures given in the above tabulation
may not be achievable for each design because of practicable design limitations. For
example, the outside diameters required for designs having 6- and 15-inch bore diameters
and maximum pressures up to 450, 000 psi are as follows:

Maximum Pressure, p, Outside Diameter, inches
Container psi 6-inch.-Bore Design 15-inch-Bore Design

Multiring 300,00 51.0 127.5
Ring-segment 300, O0J 60.0 150.0
Ring-fluid-segment 450,000 88.0 218,0
Pin-segment ZIO, 000 90.4 180.2
Ring-fluid-ring 450,000. 76.0 190.0

(Exa0pl8 2)
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It may be impossible to obtain steel cylinders in such large sizes (10- to 50-footdiameters) with ultimate strengths of 200, 000 psi, and it may be impossible to machine

and transport such large cylinders. Also heat treatment of heavy sections may be a
problem. This may not be the case for pin-segment container, however. In this in-
stance, it may be possible to forge the large steel pins (18.2 inches and 45.4 inches in
diameter respectively, based on a design shear stress of 50, 000 psi in fatigue for the
pins) and the segments (thick plates). This indicates an advantage of the pin-segment
design for vessels with p 210, 000 psi.

A pin-segment arrangement may also be used to advantage as a replacement for
the outer cylinder in the other container designs. This would help overcome the dif-
ficulties associated with the large steel cylinders. A wire wrap or strip wrap could also
be used to this advantage as a replacement to outer cylinders.

The limitations in some of the designs due to large-diameter outer cylinders may
also be partially overcome by using the autofrettage process to provide some additional
prestress at the liner bore. The process introduces compressive prestresses by plastic
deformation of the bore. This approach could reduce the size and number of outer rings
that otherwise would be needed to achieve the total prestress by shrink fitting alone.
In fact, the autofrettage process could be used to improve the size efficiency of all the
design concepts considered. However, if autofretcaging is employed, then high-strength
steels with appreciable amounts of ductility should be selected for the liner because the
process requires plastic deformation of the bore.

In addition to the potential problem of cylinder size, the theoretical pressures
may not be possible to achieve because excessive interferences may be required for
shrink-fit assembly. The maximum interferences required for the designs are as
follows:

Maximum Pre s sure, Maximum Interference

Container p -Psi . Required, inch/inch

Multiring 300,000 A i 1/r = 0. 0036

Ring-segment 300,000 A 1 2/rl = 0. 0028
E.

(kZ = 1.1, 1= 3.0)

Ring-fluid-segment 450 000 A 12/rl = 0. 0129
(ka = 2.0)

Pin-segment 210,000 None, except for a small
amount to take up slack
during assembly

Ringrfluid-ring 450,000 A i/rl = 0, 0080
(Example 2)

For the multiring container, the interference required between the liitr and Cylinder 2
as manufactured is Al/rl = 0. 0036 in. /in. This is a reasonable value and it corresponds
to a temperature difference of 400 to 500 F for assembly. However, the interference
as manufactured is not always the same as the interference as assen.aled. Suppose that
the multiring container is assembled ring by ring from the inside ot. Each ring ex-
pands as it is shrunk on and the assembly interference progressivelf increases beyond
the manufactured interference. Formulas for the assembly interference can also be
derived. Derivations are given in Appendix II.
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The interference required for the ring-fluid-segment container is A 1Z/r 1 =

0. 0129 in, /in. This interference requirement is severe, if not impossible, especially

when one considers assembling not only the liner and Cylinder 3, but also a number of

segments all at the same time. (A1Z is the interference required between the liner,

segments, and Cylinder3, a12 is also the assembly interference ap well as the manu-
factured interference since the liner, Cylinder 3, and the segments must be assembled
simultaneously. ) The large magnitude for A 12 is primarily due to larce radial elastic

deformation of the segments under pressure. This is shown as follows: from Equa-
tion (19a) it is found that

EZ (UU 2 )
= 0.69 for kZ = 2 and p? = P/k

rip 1

where u1 and uZ are the radial displacements of the segment and rl and r 2, respectively.
From a computer calculation for the ring-fluid-segment container, Pl at pressure

(0-r = -P1 at rl), is found to be pl/or1 = 2,2. Thus,

E2 (ul-u2 )
= 2.2 (0. 69) = 1.,518rlo 1 u1 u

For p/- 1 = 2. 87 and p = 450,000 psi, 01r 157, 000 psi. Hence, l = 0. 0079b in./in.

for a-l = 157, 000 psi and E2 = 30 x 106 psi, and it is evident that large interference,
A12 = 0. 0129 in. /in., is required to overcome large deformation of the segments under

pressure. This is a disadvantage for the containers having seg nts in their designs.

Another potential disadvantage of these designs is the possible problem of gouging

the liner with the corners of the segments if the components are assembled by pressing.

A further factor that must be considered in the design of segments is bending deforma-

tion. This is discussed in Appendix I.

The severe interference requirements imposed by the segments are reduced if the

segment size (k2 ) is reduced and if a higher modulus material is used for the segments.

These effects are shown above !or the ring-segment container that has a lower inter-

ference requirement; i. e., A 12 = 0. 0028 in. /in. However, selection of a high modulus

material must be done with care because iensile stresses do develop in the segments

as shown in Appendix I and many high-modulus materials have low tensile strengths.

Thus, it is seen that some theoretical container designs for high pressure may be

impossible to fabricate because of the large outside diameters and interferences re-

quired. In order to obtain a more realistic evaluation of the various design concepts,

predictions of pressure capability are made for more practicable design requirements,

i. e., outside diameters li-mited to 72 inches &nd the interferences limited to 0. 007 in. /

in. maximum. These predictions are as follows for l04- 105 cycles life:
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Bore Outside Number of Maximim
Diameter, Diameter, Components, Pressure, p,

Container inches inches N psi

Multiring (k1 = 2.0) 6 51.0 5 300,000 A

j (kl 1. 5) 15 '72.0 7 275.000

Ring-segment (kl = 2.0) 6 60.0 6 290,000
(k2  1.1, E2/E 1  3.0) (kI = 1.5) 15 72.0 6 265,000

Ring-fluid-segment (P3/P 0.3, k3 = 1.26) 6 72.0 10 286,000
(k1  1.5, k2  2.0) (p3/p 0.3, k3  1.20) 15 72.0 4 160,O00C

Pin-segment 6 72.0 3 195.000
(k 1 = 1.3, k2 a 2. 0) 15 (a) ... 

P ing-fluid-ring(b) { (k= 2. 0) 6 60.0 8 450, 000
(k1 = 1.60) 15 j2.0 4 219,000

(a) OD e.672.0 not possible for 104- 105 cyr,les life and ar a am x 0.35 if no prestress is provided.
(b) One ring inner unit. Pl/P -k Ik ' 4

It is evident that lower maximum pr-ssures are now predicted, particularly for the 15-
inch-bore designs. The reduction in pressure capability is due only to the restriction in

outside diameter for the multiring, ring-segment, and pin-segment containers How-
ever, both the outside diameter and interference limitations reduce the predicted pres- 0

sure for the ring-fluid segment container. The reduction for this container is severe

and is caused by three effects. The first is excessive deformation of the segments for
k? = 2. 0. The other effects are coupled; reducing the outside diameter while main-
taining the design pressure increases the interference required, but limiting the inter-

ference causes a reduction in maximum pressure because the interference depends upon
the pressure.

Residual Stress Limitations

A container designed for a specific cyclic pressure requires certain residual

stresses (prestresses) at operating temp,,trature. It s '!.so important, however, to
check the residual stresses at room temperature because of differences in thermal
expansion.

Calculations of residual stresses are given here for the multirng container a-s an

example. (Residual stresses and operating stresses can be determined for all contain-
ers us'ng the computer programs listed in Appendix N1.) The specific container design
discussed here is the oaae considered in the foregoing section for a bore diameter of
6 inches. Calculations are performed for design applications at room temperature,
500 F, and 1000 F. The material data assumed are given in Table XLVI. Thelinerma-
terial is assumed to be 18 percent Ni maraging steel, and the outer cylinders are as-

sumed to be made of modified H- 11 steel. The differences in thermal expansion for

these materials are likely to be the largest expected among the steels that may be used.
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TABLE XLVI. ELEVATED-TEMPERATURE DATA FOR 18 PERCENT
NICKEL MARAGING STEEL AND H- 11 STEEL(a)

70 F 500 F 1000 F

Modulus of Elasticity, psi

18% Ni Maraging 26.5 x 106 23.0 x 106 18.7 x 106

H-II 30.0 x 1o6 Z7.4 x 106 22.8 x 106

Coefficient of Thermal Expansion, in. / i n. /F

18% Ni Maraging 5.6 x 10-6 5.6 x 10-6 5.6 x 10-6
H-1 7. 12 x 10-6 7.25 x 10-6 7.37 x 10-6

(a) Poisson's ratio taken as constant, v = 0..1 for both materials.

Results are given in Table XLVII. The range and mean stress parameters were ar
0. 5 and am = -0.5, respectively. The results show that the excessive residual stresses
at room temperature occur for the multi-ring contasner having a required prestress,
o0 = -a-1 at 500 F and 1000 F; i. e. , the residual stress o-e < -o-i at room temperature,
where a-, is the design stress and a-, = ultimate tensile strength. The reason for this is
the larger interferences required for elevated-temperature application as shown in
Table XLVII. Larger interferences are necessary for high-temperature applications be-
cause the outer rings expand more than the liner due to the differences in thermal ex-
pansions as shown in Table XLVI. On the other hand, reduction of the temperature from

operating temperature to room temperature causes the outer rings to tend to contract

more than the liner. The liner resists the contraction and the residual interfaca pres-
sures are increased, thereby increasing the magnitude of the residual hoop stress at the
bore.

If the multiring container is to be used at 500 F and 1000 F with the material
propertiris given in Table XLVI, then the prestress requirement, e = -uI at temperature

(am = -0. 5) has to be relaxed. Accordingly, calculations of residual stresses and in-

terferences were rerun for aXm = -0.3 (prestress -e = -0.8 -I at temperature). The

results are shown in Table XLVIII. With am = -0. 3, excessive residual stresses at

room temperature are avoided for the 500 F design. However, for operation at 1000 F,
am > -0. 3 is necessary since c-e < -u-1 at room temperature for the 1000 F design with

am = -0.3.

Decreasing the interference fit (from those in Table XLVII to those in Table XLVIII),
in order to avoid excessive residual stresses at room temperature, increase (0-e)max from

0 to positive values. As pointed out in the latter part of the Fatigue Criteria section,

zero to small (aer)ms x is expected to be beneficial in preventing the detrimental e iect of

-iuid pressure from entering voids iin the material, Therefore, if excessive residual

stresses are to be avoided in containers designed for high temperatures, and if (ae)max

is to be kept bmall, then the thermal coefficients of expansion of the component parts of

the container should be more closely matched than those of Table XLVI. Preferably the co-
efficient of thermal expansion should be larger for the liner than for the outer cylinders;

this would cause a reduction rather than an increase in residual stresses upon decreas-

ing the temperature from operatng temperature to room temperature.

22Z



4)'b

~~-11 4) ci

-0

C, 0 M 000

2e7 IQ!
Q4 4 +'t

4A IV~b 00

0 V~$ < C

00

Z 4 0Js Llf

~-4v

ci)) a.

All 03

O'n0. 4) 0)

Z. w

m 0 OD*'
0 U4)

411 ba



k - % 0D

4

to 000

- " N N V .

0~ 0

4 -4 0 0 0 $ ;

0 b I ,,t -t B a) -

u) C5C . .1 .) r.

P-4

- 0 C:j

0 to 00 00 00co~'
M4 .~ f l

0~( 0300 4~

V 0 0" b
CO -,.u

.04 r.i -

Laa

* *i o~r-c~ m
"'N~~~~a O(n~~O..,.

-4~ c 00 4)

0 P4

-U CO $
VZ 0.-

to) .4 . . .0

0 ce

0~1 (D4 Z. .

P4 r)

00 0.
z&0 4

-. c t
1% -. Z141% 4



Other Possible Material Limitations

It has been postulated that a maximum-tensile-stress fatigue criterion applies to
the high-strength liner. Accordingly, fatigue data from uniaxial tensioi, and rotating-
beam bending tests weri used to evaluate fatigue behavior of liners for high-pressure
containers. However, the state of stress in an open-end hydrostatic extrusion container
is biaxial and in a closed-end container a triaxial state of stress exists. (A triaxial
state of strecs may also occur in a shrink-fit open-end container where axial stresses
may be produced by interface friction between shri c-fitted rings. ) The effect of com-
bined stresses on the fatigue strength of high-strength steels is unknown. It is pointed
out, however, that the analyses perforrned in this study allow for arbitrary material
behavior; i. e., the fatigue parameters, Urandam, used in the analyses are left arbitrary
in the equations and cdud be determined from combined-stress fatigue experiments.

It has also been postulated that a compressive mean stress may benefit material
fatigue strength U2.der cyclic fluid ;ressure. However, biaxial and triaxial fatigue
behavior under compressive mean stress is unknown. Even fatigue data in the uniaxial
case are lacking for conditions of compressive mean stress.

Also unknown is the possible fracture of high-strength stzeels under large com-
pressive stresses. Pugh and Green(4 3 ) and Crossland and Dearden(4 4 ) found for cast
iron that the fracture strain and ductility (and the maximum shear stress at fracture)
are increased by superimposing hydrostatic pressure. Bridgman(45) found similiar b-A.
leBa conclusive results for steel. These are favorable results for the effect of true
hydrostatic pressure, but the possibility of similiar behavior when only one principal
stress (the radial stress in a container)'is highly cbmpressive is unknown and should be
investigated. This is a particularly important factor because the difference between the
hoop stress and the high compressive radial stress represents, an extremely large shear
stress.

The effect of a brittle-ductibe transition in high-strength steels cn the fatigue be-
havior near and above the transition temperatare is another factor which may need to be
considered.
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SECTION 4

HYDRO3TATIC EXTRUSION CONTAINERS
DESIGNED AND CONSTRUCTED

IN THE PROGRAM

XXXII

SUMMARY OF SECTION 4

The history of container design during the course of this program essentially
follows the developments described in Section 3. An early container of 3-ring construc-
tion, designed on the maximum-shear -s trength failure criterion failed due to low-cycle
fatigue. The liner was replacedby two shrink-fit rings to obtain a higher prestress in
the bore. This container was used in the remainder of the program. Stress analyses
are presented for both of those containers. In addition, this section describes the de-
sigh and the construction of a container that was intended for stand-by use in the event
of another fatigue failure. This container was designed on the basis of fatigue design
described in Section 3.
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XXXIII

ANALYSIS OF THREE CONTAINERS DESIGN

The configuration of the three hydrostatic-extrusion containers described herein

was basically as shown in Figure 66. The boundary conditions fo. the designs were:

(1) Maximum operating internal pressure on bore = 250, 000 psi

(2) Maximum operating temperature = 500 F

(3) Pressure vessel ID = 2. 375 inches

(4) Pressure vessel OD 22. 000 inches

(5) Axial load on vessel is negligible.

For reference purposes, the containers will be designated Containers 1, II and

ImI in order of historical development. The design of Container I commenced in June,

1961, and was modlIfied in January, 1965, to be redesignated Container II. As a result

of the liner fatigue failure experienced with Container I, Container ILI was designed on
the basis of a fatigue-failure criterion with the aim of obtaining a fatigue life in the order
of 104 to 105 cycles. Container III was completed toward the end of the program but was

not used in the hydrostatic-extrusion studies described in Sections 1 and 2.

Container I

Container I, which was designed and constructed in the previous program(4 7 ), was
used in the early stages of this program. A detailed analysis of its design has.been pub-
lished. (47) In view of the more sophisticated analysis made in Section 3, it wourd be
irrevelaht to detail the design steps taken. However, the failure criterion used and the
design interferences obtained will provide a useful background to the development of con-
tainer designs.

Selection of Failure Criterion

Initially, failure of the design for Container I was interpreted as that condition

where the diameter of the bore increased due to plastic yielding of the bore surface.
Such a condition would have caused leakage by the previously close fitting stem that
would result in an inability to compress the fluid adequately. With this in mind, three
corinonly applied-failure criterion were examined to determine which was the most

applicable.

The-Rankine or maximurnm.-normal- stress theory teaches that failure will occur

when aniy one of the principal stresses reaches the ievel of the yield strength in uniaxial

tension. Thits, it neglects the effects of the other two principal stresses. The Tresca

or maximurn-shearing-stress theory predicts yielding will occur when the difference

between the rtuxMa an aminimnum principal stresses reaches a level of the yield

strength in izinple tension. Experimental evidence suggested that this theorywas on the

218
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conservative side for pred'cting stresses thatwould produce yielding in shear. There-
fore, it was decided to base the container design on the Hencky-Von Mises or maximum-
distortion- energy criterion.

The Hencky-Von Mises theory holds that a material subjected to a three-dimen-
sional stress system will yield when

(a )Z+(a2 - c3)Z +(o 3 -cl) a aZ  6K Z

where

al: OZ, C3 = principal stresses

ay -- yield stresb as determined in uniaxial tensile or
compressive tests

K * yield stress in pure shear.

In this case, for a container assembly, the stresses are considered to be biaxial be-
cc-use there is no axial load on the vessel. The hoop stresses are usually tensile and
the radial stresses are always compressive. These two stresses will be the principal
stresses because there are not externally applied shear stresses in the system. High
resulting shear stresses can.be expected when the system consists of two principal
stresses of opposing sign.

Under biaxial conditions the Mises yield criterion becomes:

1 1(0 3) +0 Cr y3~

,This equation predicts that yielding will occur when the stress in pure shear becomes
equal to 0. 577 Y. This value is equivalent to the maximum-shear-stress criterion pro-
vided that the yield stresses'in pure tension or compression are multiplied by 2/,3.
With that modification of the Tresca criteiion, solutions determined by either relation-
ship agree within approximately two to six percent.

Therefore, it was decided that the container would not be expected to deform
plastically, and the, design would be acceptable, if the stressed metal in the vessel met
either of the following -equivalent limiting conditions:

2- 2 0.5
(911 al03 + 03)

'Von Mises <0. 577 Y

Mo-dified Tresca <0. 577'Y

01l hoop stress at the inside of the liner

'03 - radial stress at the inside of the liner.
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Stress Analysis of Container Assembly

To keep the tensile hoop stress on the liner bore to an acceptable minimum, the
maximum shrink fit considered feasible was used between the sleeve and the liner. The ,
shrink fit was limited by the temperature to which the sleeve could be heated without
softening. This temFerature was 1000 F for the alloy steel used for the sleeve. Since
the liner was kept at room temperature during assembly, the maximum permissible
shrink fit was 0. 007 inch per inch. Although this is an extraordinarily large shrink
fit for the size of the components involved, it was achieved with no apparent adverse
effects. The shrink fit of the container on the sleeve was 0. 0025 inch per inch. Fig-
ure 67 shows the arrangement of the rings and indicates interferences between them.

For the component dimensions, the effects of the shrink fits were as indicated in
Table XLIX. These values were computed in a straight-forward manner by applying
Lame s equations for thick-walled pressure vessels. The elastic modulus was taken to
be 30 x 106 psi at 80 F and 25 x 106 psi at 500 F. A step-by-step procedure was used to
determine each component stress in the assembly. The resulting prestresses at various
conditions of interest were then determined by super-position of the component stresses.

TABLE XLIX. PRESTRESSES DEVELOPED IN THr CONTAINER ASSEMBLY AT 80 F AND 500 F

Nominal Diametral Resulting Prestress Resulting Prestress
Diameter, Taper, Interference, at 80 F, psi at 00 F, psi

Component inches degrees inch Radial Hoop Radial Hoop

Liner, Inside 2.375 0 -. 0 -200,000 0 -166,650
Outside 7.437 2 -- '-88,800 -110,200 -74;700 -91,850

0. 052
Sleeve, Inside 7.437 2 0- -88, 800 +102, 000 -74,100 +85, 000

Outside 13.375 3 -- -23,200 +35,750 -19,700 +29,300
0.033

Container, Inside 13.375 3 -- -23,200 +51,175 -19,700 +42,650Outside 22.0 0 -- 0 +27,625 0 +23, 000

4,

The hoop and radial components of the stresses developed in the container assem-
bly solely by internal pressure, or independent of prestress, were also calculated. The
values are given in Table L. The stresses resulting from the combined effects oi the
shrink fits and internal pressure are equal, of course, to the algebraic sums of the ap-
propriate values in Tables XLIX and L. The resultant stresses, at various locations,
are indicated on Figures 68 and 69.

TABLE L. STRESSES RESULTIING SOLELY FROM AN INTERIAL PRESSURE
OF 250, 000 PSI

Stress, psi
Component Radial Hoop

Liner, Inside -250, 000 4255, 900
Ottnlde -23,900 +28,750

Sleeve, Inside -23,900 +28, 750
Outside -8. 000 +10,900

Container, Inside -8,000 ,900...

Ots$d'o 0 +5,775
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FIGUR.E 67. CROSS-S3ECTIONAL VIEW OF CONTAINER I
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FIGURE 68. STRESS PATTERN IN CONTAINER I AT ROOM TEMPERATURE
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The fact that the elastic modulus of he liner, sleeve, and container materials
would be less at 500 F than at 80 F, lower estimates of interfacial pressures and pre-
stresses were obtained.

The conbined effect of the liner-sleeve and sleeve-container shrink fits caused a
hoop prestress of -200, 000 psi, at 80 F, on the liner bore. Figure 68 shows that, for

this amount of precompression, an internal pressure of 250, 000 psi produces a tensile
hoop stress on the bore of only 55, 900 psi. As shown in Figure 69, a similar internal
pressure at 500 F would produce a tensile hoop stress of 89, 250 psi at the bore.

In spite of these relatively low hoop stresses, obtained by using the heavy shrink
fits, the effective stresses at the bore are extremely severe. For example, the effec-
tive shear stress at 500 F, where o 1 = +89, 250 psi and 03 = -Z50, 000 psi, is approxi-

mately 175, 500 psi. This means that the uniaxial yield strength of the liner material at
500 F would have to be about 304, 000 psi to avoid yielding. Obviously, this is a difficult
requirement for most liner materials to meet.

The types of steel ordinarily used for hot-working tools do not have sufficient
strength for the application. Some of the high-speed-type tool steels which will develop
adequate strength levels are lacking in ductility. Although tungsten carbide has an ex-
tremely high compressive strength, the cost of such a large component would' be
prohibitive.

The compositions of the steels selected for the three parts of the container assem-
bly are given in Table LI. The steel selected for tae liner appeared to have the most
suitable combination of strength and ductility of materials available in suitable sections.
It was less expensive than some of the other materials considered such as tungsten car-
bide. Both the liner and sleeve were made from steel produced by consumrable-electrode
vacuum-melting practices. It was expected that this melting process would minimize
alloy segregation and inclusion contents. The heat treatments given the components,
and the resulting hardnesses, are also given in Table LI.

The components were subjected to ultrasonic inspection at different stages of
manufacture. One forging intended for the container ring was scrapped in the rough-
machined condition on the basis of the inspection.

The mating surfaces of the components were finished to a surface zoughness of
65 u-in., rms. The inside surface of the liner was ground to a surface finish of 4 !-in.,

rms. The smoother surface minimizes the possibility of fluid leaking past the seals
at high pressures.

Operational Capabilities Predicted by Theory

Despite the high stresses on the liner and sleeve, stress analyses indicated that
the container assembly would meet or closely approach the operational requirements.

Table LII presents the results of the stress analyses of greatest interest. The safety
factors listed were based on reasonable estimates of th , tensile yield strengths and the
effective stresses computed by the Hencky-Von Mises relationship. They indicated the
container assembly was capable of operating at an internal pressure up to 250, 000 psi
at room temperature and up to 230, 000 psi at 500 F.
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TABLE LL COMPOSITIONS, HEAT TREATMENTS, AND HARDNESSES
OF THE COMPONEITS USED FOR CONTAINER I

Liner Sleeve Container
AISI M50 AISI HI1 AISI 4340

Composiion, ,ercnr

Carbon 0.80 0.41 0.35
Chromium 3.96 5.10 0.97
Molybdenum 4.05 1.23 0.41

Vanadium i."'0.5' 0.11

Nickel 0.06 -- 2, 19
Manganese 0.23 0.27 0.70
SI!icon 0.20 0.94 0.28

Phosphorus 0,01 0.002 0.012
Sulfur 9.007 0,003 0.11

Cobalt 0.02 -- --

Copper 0.06 -- --

Tungsten 0.03 ....

/

Heat Treatmem

Preheat 1500 F for
1-1/2 hiur,

Austeniti=z 2000 F for 3850 V for 1570 F for
1/4 hour 1-1!2 bourt 6 hours

Q~etch 1050 F for Air cool Oil bath
8 min. In
salt bath.

~air cool

Temper 1000 F for 1000 F for 900 F for
' I6 hours 4 bours 12 hours
i1000 F for 1025 F for

6 hours 4 hours

1025 F for
4 hours

Hardness

Rockwell "C" 63 57/58 43



TABLE LIL SAFETY F&CTORS ESTIMATED FOR THE COMPONENTS OF
CONTAINER I FOR VARIOUS OPERATING CONDITIONS

-)eL± il Shear ElfcctivcS" Tensile Yield Yield la~trnal Sw on /

Type a " 'rem[erarre, StrngtlO), Strength(b), Pressure_ _opone_c). Safety<d
CnmPo.en Steel' F - ' _ i psi p~i psi ractordd)

l'ner AIS I ',A5 80 30,000 Iv, coo 250,000 162,250 1.14(ID) 500 299,000 164,000 250, 00 O 1 ,,5 0.95
80 240,000' 190,000 230.000 117,000 1.82

500 290,000 16,000 230,000 16,500 1,107

Sleeve 'AIM Il 1I 80.. 240, 00"0 138.500 250,000 12i, 000 1. 14

(ID) 500 215,000 124, 000 250,000 106, 250 1.17'
80 240,000, 138,500 230,000 117,000 1. 18

$00 215,000 124,000 '20,000 10,250 !,.19

Container AISI 4340 so 16C, 000 92, 30J 26, 00) 47,250 1.95
(ID) 500 . 125,000- 72,100 25'0 00q 41,250, 1.76

-504) 126NQ0o ,10 2Xo, 0" '0,750 1.77A

(a) Estimated from measured hax.i .es,
(b) Estimated as being.0. 57i of ten sltleld s:xrngh, -
(c). Strfss computed by I-encly-Ven Mises retatlonship; shear stress by Tresca relat.iomhip would t,- approximately 2 to

6 percent lower.
(d) Based on ratio of shear yield strength to effective stre-s.

During the experimental research program the container assembly was operated
approximately 12 times at 500 F and pressures up to 250, 000 psi on the ram or stem.
Based on experience at room temperature, the internal fluid pressures in those experi-
ments are believed to have reached about 225, 000 psi at the inside su:,face of the liner.
The container was operated in approximately350 experiments at room temperature.
Fluid pressures inside the container ranged up to 265, 000 psi. However, early in this
program, the liner failed after holding at a fluid pressure of 246, 000 psi (at bO F) for
2-3/4 minutes. The failure consisted of a longitudinal crack that ran from the bottom
of Lhe liner to about 3-1/2 inches from the top antd terminated in a +rans-ve-se crack.
At he time of fai lure, the stem was inserted about 4 inches into the liner bore. The
longitudinal crack did not extend much beyond this point, evidently because of the high

compressive prestresses on the bore above the stem seals.

The liner had been made .rom consumable, vacuum-melted AISI-M50 tool steel.
Examination of the fractured surfaces of the liner by several techniques indicates that
the failure resulted from low-cycle fatigue. The failure appears to have iritiated at a
point near the middle of the longitidinal cr..ck. A photomacrograph at 2SX of the
fiactured surface at the suspected point of initiation is shown in Figure 70. It is not- 1
that radial na..kings appear to emanate from a small round void indicated by an arrow.
This void is approximately 0. 005 inch in diameter and is located about 0. 008 inch
beneath the liner bore surface. The mating fractured surface contains a protrusion
which appe-a to match the void in size, shape, and location.

The precise nature of the protrusion is not known. It is suspected that it is an
inclusion, although it is unusually large for consumable, vacuum-melted materials in
which inclusrions generally ire nc larger than about 0. 0005 inch. This was found to be
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the case on metallographic examination of other specimens taken close to the origin
of failure. In spite of the relatively large size of the suspected defect, however, it is
still far below the sensitivity range (3/64 inch) of the ultrasonic equipment used to in-
spect the liner during fabrication. Detection would have beer, made even more difficult,
of course, if the protrusion had filled the void completely at the time of testing.

Electron microscopic fractography was employed to determine the mode , .f crack
propagation in the vicinity of the origin. A standard two-stage plastic carbon replication
technique was used to obtain replicas of an area approximately 0. ] ;nchZ containing
the above described void. Examination at a magnification of 12, ZOOX revealed the
fractured surface to be generally flat and featureless with localized regions containing
very fine fatigue striations. The fatigue striations are indicated by the arrows in the
electron microscopic fractograph shown in Figure 71. The small spacing of the stria-
tioih suggests that crack growth may, not have been due to the extrusion pressure cycles
41one, but also to a vibration or pulsation superimposed on the high pressure. An
obvious sou4rce of this vibration is tha hy:draulic pump of the press which can transmit
pulsation6 to the liner by way of the 'item and hydrostatic fluid. The extent to which
such ibrations may have contributed to the rate of crack growth is not known.

Another feature of sfgnificace is evident in the fractograph shown in Figure 72.
This is the typical 4leavage-type fracture (fan-like striations indicated by arrow) of
undissolved carbides. This observation indicates that these particles would have
accelerated growth of the fatigue, crack by fracturing in a brittle manner on a single
cycle of load over a distance much larger than ihe c¢ack growth per cycle indicated by
the very fine striations noted eailier.

Metallographic examination of an' area adjacent to the void revealed interdendritic
networks if undissolved carbide parti.cles. ... •

ContaineT II

Revised Container-Assembly Design -

Tooling components that are made i. om low-ductility materials ant operate in
service at low safety factors are prone to failure by 1ow-cycle fatigle.. (Z, 48) The liner
component is a case in point. 'To minimize possilie problems with 41w-cyle fatigue,
it was felt at the time that the' service stresses should Ve held below, the elastic Uimit,
rather than below the 0. 2 percent offset yield strength of the material,. --Ove of the
problems, however, was the lack of adequate and reliable data on elastic lisxnit and yield
strongth of AISI-M50 steel (liner material) in the hardne s rangeof RC, 641 to 63. In the
absence of such data, a minimum saIfety factor of' 1, t5 1.ased ombest estimates of yield
stt-ength) was selected for the revised design' to reduce thb possibility of stressing the
component above the elastic limit,. ,.

Changes in the contain~r assembly design a imed at increasing the safety factor

" erd nepessarily Jimnted to those which would keep fabrication costs to a minimum.
" Thus, p~oasile design chang'e.-were narrowed to to optionis, .both of which included

erpo one design, use of a tungsten

carbide liner was coniadered bfcPalse of it- high compres-aive yield strength. However,
this design was eliminated because the difference in therm - ans-on coefficients
bei-een p eel and carbide (6. 5 x 10-6 versus z. 5 x jo- 6 inch/inch/lF would caase the
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FIGURE 71. ELECTRON MICRO-
SCOPIC FRACTOGRAPH SHOWING
FINE FATIGUE STRIATIONS IN
LINER OF CONTAINER I

1,ZooX E1646A

FIGURE 7Z. ELECTRON MICRO-
SCOPIC FRACTOGRAPH SHOWING
CLEAVAGE FRACTURE OF UN-
DISSOLVED CARBIDES IN LINER
OF CONTAINER I

612, ZOX EI 646E
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required interference fit between the liner and sleeve to be lost during operation at
5 0 0 F . i

The second design consisted of replacing the liner component with two rings which
occupy the same volume as did the liner component. This design was used because
calculations indicated that the safety factor could be increased to a minimum of about
1.25 without resorting to aay larger interference fits than were used in the present
container assembly.

The final revised container assembly design is illustrated in Figure 73. To avoid
possible confusion, the designations for the component rings have been changed as
follow s:

Container I Container II
(Figure 67) (Figure 73)

Liner Liner

(None) Sleeve 1
Sleeve Sleeve 2
Container Container

In other words, Sleeve 1 was a new addition to the old design, but Sleeve 2 is the same
component as the "sleeve" in the old design.

Stress Analysis

Referring to Figure 73, it can be seen that the liner was assembled with the same
manufactured* interference fit of 0. 007 in. /in. as that in the previous container. How-
ever, because the liner in Container II had a thinner wall such an interference would
generate a higher hoop prestress on assembly than was obtained in Container I pro-
viding the "assembly" interferences were also of the same order. To achieve the same
"assembly" interference between the liner ai I Sleeve 1 shown in Figure 73 as that ob-
tained in Container I, it was found necessary to manufacture an interference of 0. 0048
in. /in. between Sleeve I and Sleeve 2. Measurements of the liner bore before and after
assembly Were used to determine the actual stress distribution achieved in the assem-
bly. Equations 13 and, 14 in Section 3 were used in these calculations.

The stress patferns calculated for both room temperatua and 500 F are pre-
sented in Figures 74 and 75. Each figure shows both the hoop and radial stresces
developed at tho ring interfaces under internal fluid pressures of 0 and 250,000 psi.

The combined interference fits of 0.0071 and 0. 0048 inch per inch on the Sleeve 1-
liner and Sleeve 3-Sleeve 1 interfaces, respectively, place the liner bore in precompres-
sion with a stress of 260,650 psi at room temperature. With this amount of precompres-
sion, it can be seen in Figure 4-8 that an internal pressure of 250. 000 psi at room
temperature produces a tensile hoop stress on the liner bore of only 5, 600 psi. At

500 1F) the precompression is reduced from 260, 650 to 217, 250 ps, (Figure 75) because
of the decrease in elastic moduli of the rings at this temperature. In this case, the
tensile stress on the liner bore at madmur internal pressure is increased from 5, 600

to 49, 000 psi.
T'he "manufactured' interference is that which Is obtained before assembly and represents the difference in size between each
mating diameter. The "ausembled" interference is greater than the "manufactured" interference before assembly by an amount
proportional to t"e extent that each ring changes dimenslons elastidally as the rings are assembled.
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FIGUJRE 73, CROSS-SECTIONAL VIEW OF CONTAINER II

232



,, V tflA...

.Container
, Sleeve 2 Sleeve I Liner Liner

"a 87,1I0040,800 bore

0 43,200-

169,800
26065

a. Fluid Pressure 0

V Container '
, i IU

Sleeve 2 Sleeve I Liner Liner
i /bore

121,900 129,950

33,850 5,600

L *, 65,050

L160,900C-0-

b. Fluid Pressure 250,000 psi

0 Hcop stress
---4-- Radiai stress

A-51232

FIGURE 74. STRESS PATTERN IN CONTAINER IT. AT ROOM TEMPERATURE
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Component Ring Materials

Consumable-elec rode vacuum-rrclted AISI-M50 tool steel was selected for the
liner and Sleeve I rings. This tool steel, which had been used in the original liner,
was selected over other candidate steels (such as AISI-Ml or M10) because it possessed
the most euitable combination of strength and ductility. Each component was hardened
to RC 61 to 63.

leeve 2 i.nd the container ring were made of AISI-Hll (RC 57) and 4340 (R C 43)
steols, respectively,

Operational Capabilities

Safety factors were calculated for Liternal fluid pressures of 250, 000 and 230, 000
ps: at both room temperature and 500 F. They were also calculated for a fluid pres-
sure of 220, 000 psi at 500 F. The results if the calculations are given in Table LIl. It
can be seen that the safety factors for the liner and Sleeve 1 are 1. 29 and 1. 30,
respectively, for operation at fluid pressures of 250, 000 psi at room temperature. At
500 F, the safety factors fall below the minimum of 1. 25. Thus, the fluid pressure
must be reduced for 500 F operation to minimize the possibility of low-cycle fatigue.
At 230, 000 psi, the safety factor for Sleeve 1 is 1. 37 but only 1. 18 for the liner. In
view of this, it is recommended that fluid pressures at 500 F do not exceed about
220, 000 psi. At this pressure level, the safety factors : re 1. 27 for the liner and 1. 33
for Sleeve 1.

TABLE WI1. SAFETY FACTORS ESTIMATED FOR LINER, SLEEVE 1 AND SLEEVE 2
OF CONTAINER II FOR VARIOUS OPERATING CONDITIONS

Tensile Shear Effective
Tensile Yield Yield Internal Stress on

Type of Temperature, Strength, Strength(a), Pressure, Component(b), Safety
Component Steel F psi psi psi psi Factor(c)

Liner AISI-MS0 80 330,000 190,000 250,000 146.250 1.29
(ID) 500 290,000 167,000 250.000 160,500 1.04

80 330,000 190,000 230,000 137,000 1.48
500 290,000 167,000 230,000 141,500 1.18
500 290,000 167, OO 220,000 132,250 1.27

Sleeve 1 AISI-MS0 80 330,000 190,000 250,000 145,500 1.30
(ID) 500 290,000 167,000 250,000 134,500 1.24

80 330,000 196,000 230,000 135,000 1.49
500 290,000 167,000 230,000 128,000 1.31
500 290,000 167, 000 220,000 130,000 1.29

Sleeve 2 AISI-HIl 80 240,000 138,500 250,000 95,000 1.46
(ID) 500 215,000 124,000 250,000 83,500 1.48

500 215,000 124,000 230,000 81,500 1.62

Estiated as being 0. 577 of tensile yield strength.
(b) Stress computed by Flencky-Von Mises relationship.
(c) Based on ratio of shear yield strength to effective stress.
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It should be noted that the stress analysis of the revised container assembly does

not include any supporting contribution from the container component. This assumption
was used because it is not known whether the original interference-fit of 0. 0025 inch
per inch between the container and Sleeve 2 could be maintained while removing and
replacing Yhe failed liner. Therefore, the stress analysis assumed that only a metal-
to-metal fit existed at this interface and that the container ring was not a load-bearing
component. However, if any interference-fit did exist and the container ring did bear
a portion of the load, the safety factors of the revised ccntainer assembly would be
slightly higher than those shown in Table LIII.

Container III

As a result of the liner fatigue failure in Container I, it was conFidered desirable

to have a standby container which would ensure continuity in hydrostatic -extrusion re-
search if further failures occurred. At the same time, construction of such a container
presented a unique opportunity to use the np-to-date stress analysis and design for a

four-ring unit based on a fatigue-life criterion.

The Desigr of Container III

It was decided to construct Containor III with materials whose fatigue properties
were known. Or. the basis of the data given in Tables XLI, XLII and XLIII, AISI HI I tool
steel was consi( ered- to be a good cancidate material. Calculations showed that a
fatigue life of 105 - Io6 cycles could be achieved with AISI HI i within the 250, 000 psi
pressure limit.

A four-ring container, similar in dimensions to those of Container II, Figure 67,

was chosen for analysis. The liner was considered to be of high-strength steel
surrounded by lower strength, ductile outer rings. The analysis of residual stresses
(prestresses) and the required shrink-fit interferences were programmed for calcula-

tion of the Battelle computer. The computer codes developed at Battelle for this con-

tainer design were:

PROGRAM COMPHS1 - Calculation of maximum pressure-to-strength ratio
for container having an ultrahigi-strength liner.

PROGRAM COMPHSZ - Calculation of operating stresses, prestresses at
operatiag temperature, and interferences required
for shrink f't assembly.

The. hoop and radial components of the design prestresses and operating stresses at

room temperature are plotcel at their various locationc in the assembly in Figure 76.
The combined effect of the multiple shrink fits was to cause a compressive hoop stress
of 256, 000 psi on liner b-re. Under an internal fluid pressure of 2f0, 000 psi the
figure shows tha; .he design tensie hoop stress produced on the bore is zero.

The high interface and hoop streeses, bore pressures of both zero and 250, 000 psi,
were conside.,ed to Le out of the realm of the capabilities of an alloy such as AISI 4340,

which was used previously as an outer ring material. Consequently, UiSI Hi 1 tool
steel in a softer cc 'dition than the liner, va, chosen for the outer rirgs. The com-

position, heat treatment and hardnesses of the I! steel produced by consumable-
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electrode vacuum-melting practices, used for constructing the container are given in

Table LIV. A thorough ultrasonic inspection of each ring reveai-zd no measurable
deflects.,

TABLE LIV. COMPOSITION, HEAT TREATMENT, AND HARDNESSES OF THE COMPONENTS
USED FOR THE FOUR-RING ASSEMBLY CF CONTAINER III

AISI-Hll. Nominal Composition, percent - (All ri s)

0.41 Carbon 5, 1 Chromium 1.23 Molybdenm .
0. 5 Vanadium 0. 1- M-nganese 1.0 Silicon

Heat freatment

Austenitize 1850 F for 1-I/ hr r
Quench Air cool All rings

Temper, liner 950 for 2 hr
1000 for 2 hr

1000 for 2 hr Hardness - Rc 54/56

rempMr, outer three rings 1090 for 4 hr
1100 for 4 hr
1110 for 4 hr Hardness - RP, 44/46

Because the whole container unit was made from the same material, the co-
efficient of thermal expansion in each ring under temperature was the same. (It was

not expected that differences in hardness levels of the rings would markedly affei;t the

coefficient of thermal expansion. ) Therefore, the stress distribution pattern for the
rings at 500 F would be the same as those shown in Figur- 76b. However, the pressure
capability at 500 F ii limited to 225, 000 psi by the effect of temperature on strength.
Therefore, the interface stresses predicted in Fi.gure 76b would be less proportionately
to the bore stresses, in service at 500 F. The same pressure limit, 225, 000 psi at

500 F was also imposed on Containers I and II.

It is pertinent at this stage to compare the residual stress patterns in Container II,
Figure 74a, with those predicted for Container III. It is seen that the design hoop pre-
stress of 268, 000 psi in the H-I1 liner of Container III is about 3 percent higher than

that for the harder AISI-M50 liner in Container II. In view of the lack of knowledge of

the fatigue properties of AISI-M50 it is not possible to determine what the predicted
fatigue life of Container JI would be. However, rotating-beam fatigue data obtained on

a similar type of material AISI M2 at a hardnet,s of RC 62, suggests that the fatigue
limit at 106 cycles for AISI-M50 might be about 140, 009 psi whereas for AISI Hl 1 the
corresponding figure is 150, 00 psi. (49)

Container Assembly

The four rings, which were slightly tapered for press fitting, were assernb]ed byr
a hydraulic press from the outer ring inwards. A lubricant was applied to the inter-

faces of the rings to ease assembly The calculated press loads req,'ired for assembly
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ars given below with t-le associated manufactured interferences. The press loads were
estimnated by a~surning an interface coefficient of friction of 0. 1.

Manufactured
Interference,

Loag, tons inch/inch

Sleeve 2 into container housing 1500 0. 00208

Sleev- 1 .ntu 4ssem-bly 1041 0,00443

sufc opprest eured beaus cnalchtdt bae t255 ringsi Tislwer tha omn theontinugus

stroke up to the preas capacity of 2200 tons.

By measuring the liner bore diameter before and after its asserambly, the actual

prestress of -268, 000 psi. While the maximum pressure capability of the container
remalnr at 250, 000 psi, the effect of the reduction in prestress obtained is expected
to marginally reduce the fatigue life (106 cycles) compared to the design value.

--- --- ---



APPENDIX I

ELASTICITY SOLUTiON FOR A RING SEGMENT

A ring segment is shown in Figure 77. Its geometry is defined by the radii r I
and rZ and the angle a. The loading of the segmnent is a pressure p, at rl and p? at r.
For equilibrium, p? -;a related to p1 by Equation (21) in the fexct; i.e.,

- VV2

FIG"e-7E 77. 'C"IVIETRY OF RINCi S3EP4-11T

The solution for tiw stzr,!ass within the segmient-is found by susrpition of two
solutions: The Lame'ouic ra-'yadr Equations (I 3a ;c). and,(I 4a, Wi in the text,
plus, a bending soluiion, 5fqw-tiorw (I and- ',53) in ,-xierence (41). Thiebetidirig olu-
tion removes the moment from-the sides of the a egmppt that exists- in- the Lar-i Solw-
tion. The latter equations for the-tedding solutio., are writteka-ad

4M p 4-p
(ar1b 1j -1 1r,(&0  jz", %~ (93a-c)

and



b E) - 3-. - A.3 (r) - cos 4

(94a-c)
8M PGP

b EZA.

where fl(r), f 2 (r), and f3 (r) are defined lay lEquaiUOn (20a-e- n the -tt and where

Al -(kZ " 1)2 - 4k2Z (log kZ)Z.

The moment M = Miplrl 2 is found by 4itegratiing #ie ugatLve of e, Lx,,hoot,= tress

(ao)c for a cylinder given by Equation (13b) in the teta orer the side , gseg~nt; o e.,

Mr r"d

- r1 (;lcrd

r I  -.

hence,

...-";" "' ' -"' - A - 2 '"
-.- - - - rdr

a +r k I kj? I

) Pi

then -- 'z".
k-"--- k (6

- - -~ lo - ,I - (~ - - - l97)
. - . rl -

achieesds endirby free aorf eresesi o the rdial cudbeflectone us fteint

1.41

thxen

G1 ~~ ~Of -2 +41 4k ( og 4(1-vy - /r

-gov

log (k )(97)

The equations fqj: -the total stresses and ditplacernents in ring segments were pro-
grammed on the computer andi some calculations carried out. Example results are
given in Table LV for k2 =2. 0 and m = 60 degrees. It is noted that a small residualA

stress cre remains on the side of the segments. To be more accurate, iL e., to
achieve sides entirely free of strees, the residual a0 could be removed by using a
"dipole" solution in addition to the bending solution. However, the self -equilibrating4
residual stress that would be removed ha. a local edge effect according to the principle
of St. Venant. Therefore, the a0 stresses in Table LVI are believed to be indicative of
the actual magnitude of hoop stresses in segments at the center.
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TABLE LV. STRESSES AND DEFLECTIONS IN A RING SEGMENT,
k 2  2.0, c= 60 ° , v= 0.3

Ev
rp,

r/r1  ar/p 1  Oe/p1 at = 0 at e = 300

1.0 -1.0000 0.0394 0. 6324 -0. 1301
1 -0.9068 0. 0123 0.4877 -0. 0853

1. 2 -0. 8310 -0. 0033 0.3747 -0.0480
1.3 -0.7676 -0.0112 0.2846 -0.0164
1.4 -0.7137 -0.0137 0,2117 0.0107
1.5 -0.6670 -0.0126 0.1519 0.0341
1. 6 -0.6Z60 -0.0089 0,1022 0.0547
1. 7 -0.5896 -0.0033 -0. -0606 0.0728
1.8 -0.5568 0. 0035 0. 0254 0. 0890
1.9 -0.5271 0.0113 40,..0046 0. 1034
2.0 -0. 5000 0.0197 -Q. 0303 0. 1163

Appreciable bending, displacement v, is also noted. The bending increases with
segment size and angle a as shown in Table LVI. This bending would tend to cause the
segments to dig into the liner as shown in Figure 78. Therefore, it is recommended
that segments be designed with radii larger than the radii of mainu- cylinders in order
to compensate for the change in radii due to bending. This is illustrated in Figure 78.

Note that the deflection u in Table LV can have an arbitrary translational corn-
ponent; i. e., the segment is free to move radially a constant amount. In calculating
interferences, the difference in deflection u(rl) - u(r 2 ) at 9 = 0* is used and the con-
stant amount drops out.

ELASTICITY SOLUTION FOR A PIN SEGMENT

A pin segment is shown in Figure 79. Its geometry is defined by the radii rI and
r2 and the angle a. r 2 is taken to the inside of the pin holes as indicated. The loading
of the pin segment is more complicated than that of the ring segment as shown in
Figure 80, A constant pressure P1 is assumed to act at the inside. A variable pres-
sure is assumed to act at the outside, i. e.,

Cyr = -pl, at r1
(98a, b)

ar = -p 2 (1 + cos me), at r 2

In addition, a shear acts at r2:

TrO -T sin mO, at r 2  (98c)
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TABLE LVI. DEFLECTIONS IN RING SEGMENTS, = 0.3

(a) a= 60'

at 0 0 - at e= a
rp 1  rp1

kr =r 1  rr 2  r r1  r =r 2

1.1 0.3463 0.2291 -0.0008 ,0.0447

1.2 0.3899 0.1730 -0.0221 0.0612

1. 3 0. 4287 0. 1494 -0. 0408 0. 0652

1.4 0.4642 0.1153 -0.0576 0.0743

1. 5 0.4970 0. 0611 -0. 0726 0. 0931

2.0 0.6324 -0. 0303 -0. 1301 0. 1163

3.0 0.8251 -0.0905 -0.2013 0. 1243

(b) k2 = 2.0

EuE t 8 & 0 °  Ev
rp - at e /21 rpl

r r r2  r r, r=r?

450 0. 6324 -0. 0303 -0. 1052 0. 0835

60°  0.6324 -0.0303 -0,1301 0.1163

90 0.6324 .,0.0303 -0.1529 0. 1957
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where

m : 47t/ (99

If Ns is the number of segments then m = ZNs .

The shear force Tre must balance the pin force P shown in Figures 80 and 81.
From Figure 80, it is seen for equilibrium of P, that it is required

t.S re cos (ej -)r 2 de= P/2

a/74

where t is the segment thickness. SO)-ditution of (98c) into this integral and integration
vives

T= (m 2 - 1) P (100)

n2mtr2 (1 + cos iT/M)

where P must be in equilibrium with p1 as shown in Figure 81, i. e.,

P p rit . (101)

P 1

P PP

P p

A- $3122

FIGURE 81. LOADING OF PINS
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For radial equilibrium of the loadiigs shown in Figure 8G, p2 can be found by integra-

tion, i. e.It 0for, 5c i2: sn ;co 9] rdef 2pr sin

Testresses in a pin segment are found by superposition of three solutions: the
solution for constant pressures p and p2 at the and. r 2 respectively, a

susoluti n for the variable cr loading -p cos me at r 2 , and a bending solution

remove the hoop stress of the first two solutions from the sides of the segments. The
Larn solution .s given by Equations (1 3 a-c) and (14a,b) in the text. The sinusoidal solu-
tion, taken from the cos me part of Equation (81) in Timoshtnko and Gcodier( 4 1 ), is

MZ
m (1 - m) apr-+ (Z- m) ( + rn) brp m

-Mr(m+ l) CMp m 2 +(Z+m) l- m)dmprm cosine
rr " (i ' i 1) a m p m -2 + (m + 2) (m + 1) bm p mu

+m (m + l),c m p- m
2 + (m - 2) (m - 11 dm p -n cos mO (103a-c)

re= m (n - 1) am PM-2 + (m + 1) bm Pm - (m + 1),c m

+ (-m +. 1) d m P rn1 sin me

where

p= r/r? . (1041

From the boundary conditions ar = Of TrO = 0 at r 1 and 0 r = -P' cos Me, "Tr3 -Tsin mO
at r z for the sinusoidal solution, the constants aml bIn, cm: and d m are found to be

2m+
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bm -P + 2 (k 2
2 - 1)

j2 (k 2
2  km+ 1)A

C m2P 7 k a (I - k 2 2m ) 
(105 )

P \4(1 m 2) k - k +
2 2 2.a} m
Z 2) (m + 1)3

a= L + 22)
+("P z ) "k, (k~Z  l

+ Z Z rr" kaa k

where

m [-mZk 4 + 2 (m 2 - 1) k + k 2
2 2m + k22m+Z m 2  (106)

The bending solution is found in a similar manner to the method used previously

for the ring segment. The resulting total stresses and displacements for the pin seg-

ment are given in Equations (22a-c) and (23a, b) in the text. The functions gml(r),

gmZ(r), and gm3(r) in Equations (22a-c) are recognized as the coefficients of cos mO
and sin m0 in Equations (103a-c). gm4(r) and gm5(r) in Equations (23a,b) are defined

as:

-m(l +V) a. pm2 + [2( - v) - in (I + v)] bmP m

9mn4 =II

+M(, + V) C.n -- + Pi( -V) + m (I + V)] M-
r,[M+4 (107a b)

+m (I + V) am Pm2 + M [ - + v] bmpm

+mn(l+V)c Cm''+m L% 4+1 dmP'

and G2 is definel as

rn-aZ i
r (r\

G2  o o +va) -[ -v)-m(1+v)] r ) (v) ()

(1070)

-m(I + V) c ( + - 1 (. - )r ,+ m )-m 
4)

d Q2)
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where
r r

1 2
0 2

The bending moment is M 2 plr-Z where

2 P [kLIz +
kz 1k

+-- -(m- l)amk2-m+2 [k 2 m -  (m+ l)bmnk-m [k?m+Z-

+ (m + 1) c k m +Z kin 11 k m [ m+2 (108)

was defined previously by Equation (95).

The equations for stresses and deflections in pin segments were programmed on
the computer and some calculations were carried out. Table LVII gives some results for
k2 = 4.0and0a= 60 ° . Ate = a/4 = 15° and r/rl = 4, edge of pin hole, it is noted that
ae/pl 2.01. This indicates the stre,- concentration effect of the hole. At = a/2 = 300
appreciable at stress remains. The edge of the segment should be free of atress.
Therefore, the results must be considered approximate. However, the residual ae
stress on the edge is self equilibrating and its removal would be expected to cause only
a local effect near the edge according to the St. Venant principle.

Bending of the pin segment again is evident as shown by the v displacement. The
variation of displacements and of the maximum ae stress at the hole with segment
geometry are shown in Table LVIII. Larger u displacements and smaller hoop stresses
are found for larger k2 and a. The bending displacement v increases with a but de-
creases with k2.

The bending of pin segments would cause the inside corners to dig into the liner
just as in the ring segments (Figure 78a). Therefore, an inside diameter of the seg-
ments larger than the outside diameter of the liner would again be recommended to
counteract the bending effect.

SOLUTION FOR SHEAR STRESSES IN PINS

The pins of the pin-segment container are subject to shear and bending as shown
in Figure 81. The shear stress is larger than the bending stress and will be used as
the critical stress in the pins. The maximum shear stress in a circular pin is given by

4 .- (P/ 2)max 3A
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TABLE LVIII. DLSP.LACEMENTS AND IVAXIMUM HIOOP STRESSES
IN FIZI SEGMENTS, v = 0. 3

alpat e 0Ev at 0 r 2

art a/4, rp a rp I

(a) a - 60*

2. 0 4. 3266 1. 0174 -0. 01,51 -0. 6387 0. 5367

3.0 Z..7247 1. 0681 -0. 1303 -0.5313 ). 3202

4. 0 2, 0126 1. 1739 -0. 1456 -0. 5149 0. 2459

5. 0 1. 6019 1. 2865 -0. 1397 -0;4068 0. 2554

(b) k 3. 0

450 3.3815 1.0516 -0.1281 -0,4082 0.2336

60O 2.7247 1.0681 -0.130S -0.5313 0.3202

C)92.0820 1.1137 -0.1305 -0.7382 0.5195

,t~p ~'4251

e, N

-p.'- -~ 0



wher,, A is tha area of the pin and P/2 is the shear force shown in Figure 81. For
'ad'

= -- (d :.s pir diameter, and P given by Equation (101), the maximum shear

stres.R bocc-mes

16 p1 r l tmax 3 d2 (i09)

This equation is the basis of EJqration (69) in the text.
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APPENDIX 11

DERIVATIONS OF FORMULAS FOR ASSEMBLY INTERFERENCES

The interferences An calculated in the text are the interferences required on the
component parts as manufactured. However, the manufactured interference is not
equal to the interference as assembled. The multiring container is taken as an ex-
ample. It is assumed the rings are shrink-fit assembled one-by-one from the inside.
The outer ring- expand as they are shrunk on and the assembly interference for the
next ring to be fitted is increased beyond the manufactured interference. The assem-
bly interference between cylinders n and n + 1 is denoted by 6

n . It has dimensions of
inches.

For assembly of cylinder n + 1 onto the other cylinders, 6n is expressed as

Lrn  An +Un(r n)
-= -- + -n (110)

rn rn rn

where

u(rn) radial displacement at rn of cylinder n due to residual
pressure qn- 1 at rn _ 1.

qn- 1 residual pressure at rn- I due to assembly of cylinder n of wall
ratio kn onto a compound cylinder of wall ratio klkZ ... kn - I
with an interference 6n - l'

qn-1 is calculated as follows:

6n-1 un(rn-1) - un- l~rn- 1)
Arn- 1 rn- 1

Substitution for u. and Un. from Equation (14a) gives

n-[ l-v) l + (l+v) qn K2
rn-Z1 En(l) q1)

r _I 2 1
(I 2 (-v) q 1 k kk I (1+v) q' 1En- I(k _1 I r_2? ... k, -I)-

- k IIk- k-1 k+ iJ M

.zn-. k -I k- ".: 05
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where En n-I E is assumed.

Hece q' =E nI (n_ n-I n2 1.(1)

n Hencer n- (k n -1k 1k 2 . k 2. k - 1I1

Since

u' (r ) 2a4u ln)
= (112)

rn

Substitution of (111) and (112) into (110) gives

--=. + ~ 22 )(113)
rn rn rn1knkn1kn ''k-1

Now the - can be calculated in sequence; i.e.,
r
n

61 A 1

_" Ik~l ,etc.
"1 rl

Equation (113) applies if the rings are assembled from the inside out. If the rings are
assembled one by one from the outside in, then the assembly interference for assembly
of cylinder n- 1 into the other cylinders is

n= kZ+1 (k k 2.... k-) n (114)
rn rn rn+l kn+1kn+2 ... kN- I

Equation (114) was found by an analogous procedure to that used in deriving (113).

The method usicd to determine asnembly interferences 6 n for the multiring con-
tainer can also be used to determine assembly interferences for the other container
designs. It is important to determine i 'isembly interferences because they are larger
than the manufactured interferences an(. excessive interference requirements may
make a design impracticable.
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APPENDIX III

COMPUTER PROGRAMS

The analyses described in the text were programmed in the FORTRAN IV alog-
arithmic langua-e for calculation on Battelle's CDC 3400 and 6400 computers. * The

following is - list of programs which includes a brief description of each:

PROGRAM COMPSTI - Analysis of compoand (multi-ring) cylinder based upon

static shear strength. Calculation of pressure-to-strength ratio p,'ZS in

Figure 43 in the text.

PROGRAM COMPFG1 - Analysis of compound cylinder based upon shear fatigue

strength. Calculation of pressure-to-strength ratio p/a shown in Figure 44.

PROGRAM SEGMENT1 - Analysis of ring segment under radial pressures. Some

results given in Appendix 1.

PROGRAM SEGMZN - Analysis of pin segment under radial pressures and shear.

Svine results given "ir Appendix I.

PROGRAM COMPHS1 - Analysis of compound cylinder with high-strength liner.

Calculations of pressure-to-strength ratios p/a 1 and p/a shown in Figures 45,
46, 47, and 48.

PROGRAM COMPHSZ - Analysis of compound cylinder with high-strength liner.
Calculation of shrink-fit interferences, operating stresses, and prestresses.

PROGRAM PLTRI - Analysis of Poulter (ring-segment) cylinder with high-

strength liner. Calculation of pressure-to-strength ratios p/a1 and p/a shown
in Figures 49, 50, 51, and 52.

PROGRAM PLTRZ - Analysis of Poulter cylinder or pressure support cylinder

(inner part of ring-fluid-segment container). Calculation of interferences,
operating stresses, and prestress.

PROGRAM PSOYLl - Analysis of pressure support cylinder (inner part of-sing-
fluid-segment container). Calculation of pressure-to-strength ratios p/a 1 and
P/ar3 shown in Figures 53, 54, 55, 56, and 57.

PROGRAM PGSPNCYL - Analysis of segmented shear-pin (pin-segment) cylinder
with high-strength liner. Calculation of pressure-to-strength ratio p/l and

pl/p shown in Figures 58 and 59.

PROGRAM MULTIR - General analysis of compound (multiring) cylinder based on

fatigue-strength criterir.. Theprograrn may be used interchaugeably for the

ring-fluid-ring design con(..jt.

"Sinc( writing the early programs, the CDC 3400 computer has been superceded by the more versatile CDC 6400 computer.

The codes have been modified accordingly.
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